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PREFACE TO THE ENGLISH EDITION 




It has been a very flattering satisfaction to the Author that since this book was 
published in Hungarian, it has met with a favourable reception, not only in 
Hungary, but also in foreign countries. This has proved, on the one hand, that 
the book was meeting the actual demands of related Civil Engineering Practice 
and, on the other hand, it was encouraging for its publication in a foreign language. 

I am grateful to the Publishing House of the Hungarian Academy of Sciences 
for having kindly undertaken this English publication because it makes the book 
accessible to interested engineers in a very great part of the world. Minor revisions 
and the addition of some supplementary material seemed to be necessary in this 
English version, of course, but it represents the translation of the Hungarian 
edition, as a whole. 

I should like to express my thanks here especially to Mr Denis Szechy and 
to Mr Ivan Lieskowsky (Toronto) for their careful and excellent translation and 
to Mr Franklyn North for the careful revision of the English manuscript. 
Dr Miklos Eszto and Mr Zoltan Szilvassy have also participated in the work of 
translation. English inscriptions on the figures and additional drawing work was 
done by Mr Tibor Manyai whereas typing and revision was again done by Mrs 
Julia Tompa. 

Budapest, 1966 


K. Szechy 


PREFACE TO THE HUNGARIAN EDITION 


Tunnels represent the most expensive engineering structures where in addition 
the greatest difficulties may be encountered during achievement. This may account 
for the fact that since the completion of the major railway networks in Europe 
and North America i.e. since the second half of the last and the first decades of 
the present century, the technique of tunnelling did not keep pace with the devel¬ 
opment in other technical fields and the literature of tunnelling has also shown 
the signs of a certain decline. 

After the second World War however the large-scale construction of hydraulic 
power-stations just as the rapidly increasing tasks of urban communication and 
utility conduits as well as the defence of big industrial plants - against war 
perils — again lent a new impetus to subterranean construction in general. It must 
be considered, on the other hand, that during the elapsed period construction 
technique (that of tunnel construction included) had undergone a very significant 
development. The advent of new construction materials, technique and equipment 
had to transform tunnelling methods, too. This experience, however, was accessible 
only in short articles or reports scattered in various technical journals and publi¬ 
cations. 

In Hungary recent progress was launched by the start of the construction of the 
new Budapest Subway in 1951. To make modern methods and structures accessible 
to the engineers concerned, a compilation of studies and articles was published 
by Kozlekedesi Kiado (Communication Publishing House) in two volumes in 
1952-54 under the title: “Selected chapters from tunnel and minin g engineering” 
which included relevant experience from Mining, too. Additional material was 
published in some special publications, and in some leaflets of the Institute for 
Advanced Engineering Education (Mernoki Tovabbkepzo Intezet). About this 
time the valuable literature dealing with the construction of the Soviet Subways 
became available, and this was rendered more applicable and was enlarged by 
their direct interpretation by the visiting Soviet Metro experts. About this time 
more attention was given in academic education, too, to the science of tunnel 
construction at the Technical University of Budapest. Nevertheless, no compre¬ 
hensive book covering the whole field of the art of tunnelling has been published, 
either in Hungary or abroad. This book, of course, cannot claim to be completely 
comprehensive in this vast field of civil engineering science; it may be regarded 
rather as an attempt to give a fair information about its actual position as regards 
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theory, design and execution based on a critical compilation of recent literature, 
on personal experience and information gained at the realization of the new 
Budapest Subway and on the lectures delivered by me for about a decade at the 
Technical University of Budapest. An attempt has been made to complete the 
book with up-to-date references to enable the reader to find the details lying in 
his further special interests. 

A warm expression of .gratitude is due to all who helped me in the preparation 
of the manuscript either by active participation or by-putting some data, photos 
and designs to my disposal. This is due in the highest degree to Chief Engineer 
Gy orgy Fazakas and to Dr Vilmos Vincze, who through the numerical presen¬ 
tation of the Soviet dimensioning methods in Chapter 4, respectively through the 
presentation of the manuscript of Chapter 5 (Surveying of tunnels) took a valu¬ 
able active share in the contents of this book. My thanks must be extended to 
the readers of the book i.e. to Director Istvan Gyorgy and to Superintendent 
Gusztav Almassy, not only for their revisional work, but also for their kind advice 
and suggestions. Further, thanks are due to my direct helpers: to Mrs Julia Tompa 
for the typing and to Mr Laszlo Zsolnay for the drawings and also to Dr Laszlo 
Rozsa, to Assistant Professors: Geza Petrasovits, Laszlo Szijarto, and Dr Laszlo 
Varga for their assistance and, finally, to the staff of the Publishers and Printers: 
Tankonyvkiado Vallalat and Allami Nyomda for their conscientious work and 
for the pleasing layout of the book. 

Budapest, August 1961 


K. Szichy 
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CHAPTER 1 


INTRODUCTION 


Even in ancient times underground structures presented a challenge to Man. 
The arduous labour and considerable danger associated with underground con¬ 
struction was at all times justified only by exceptional reasons of defence, assault, 
production, (transportation) or traffic. 

Apart from natural caves which offered shelter to primitive man, tunnels driven 
to undermine, or underpass fortifications constituted an important, and in many 
instances effective, means in ancient warfare. Various secret underground passages 
into and from fortresses in the Middle Ages, as well as the assault tunnel systems 
built for undermining and blowing up fortress-walls in more recent military 
history have played similarly important roles. 

Underground structures have retained their military significance to this very 
day, in spite of the change in their character from an offensive to a defensive one. 
Thus, the role of shelters affording protection against air raids and of “bomb¬ 
proof underground plants, power stations, factories and warehouses is still 
considerable in modern warfare. 

Second to military purposes was the extraction of valuable mineral resources 
from the hidden depths; in other words, major systems of considerable extension 
became necessary for mining purposes. It will be recalled that the origins of ore 
mining in particular can be traced back to the beginnings of human history. 
Besides military and mining purposes tunnels were often incorporated in water 
supply and drainage systems. The tunnels introducing domestic water into some 
of the ancient towns (Jerusalem, Athens, Rome) concealed to a certain extent 
from the enemy, served the first conveyance function. 

Neither could man dispense with the benefits afforded to traffic by underground 
structures. Starting with the secret underground passages mentioned above, 
underground traffic routes, i.e. tunnels constructed to avoid surface obstacles 
and for a wide variety of traffic and transportation purposes, became an indispens¬ 
able feature in modern transportation systems. 

Tunnels, therefore form an important section of subterranean structures, as they 
can be defined as underground passages constructed for the purpose of direct 
traffic, or a transportation connection between two points. Simply defined, 
tunnels are “underground passages made without removing the overlying rock 
or soil”. 

Underground structures can be classified broadly into four categories; 
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(a) The most ancient are those built for the mining industry. These comprise 
in part the permanent transportation network excavated to final dimensions and 
provided with a permanent lining, and in part of the interconnected exploitation 
drifts and galleries in which only temporary supports are employed. This latter 
system is not permanent but changes continuously in keeping with the mining 
faces. There is, therefore, a fundamental difference between these changing mining 
engineering structures of a temporary character and tunnels proper, not only on 
account of their motility and temporary support system, but also because of the 
basic aims. 

The purpose of mining is the exploitation of minerals. The cavities are pro¬ 
duced as unwanted by-products creating an additional problem by the neces¬ 
sity for their subsequent maintenance in order to prevent the collapse of the 
entire system and the occurrence of unwanted surface subsidence. Tunnels, on the 
other hand, are invariably built as permanent structures. The basic objective of 
their construction is the creation of cavities suitable for the admission of traffic 
and transportation. The unwanted by-product in this case is the material exca¬ 
vated from the cavity, the removal and disposal of which must be provided for 
separately. 

Another distinction between underground structures associated with minin g 
and tunnels can be drawn as regards depth, since the former are constructed 
mainly at great (several hundred, or even thousand metres) depths in rock 
formations of earlier geological ages according to the occurrence of the mi¬ 
nerals to be exploited, while tunnels may equally be driven at great depths, e.g. 
base tunnels, or close to the surface, e.g. subway tunnels, in younger geological 
formations and thus different methods of construction can be adopted. 

(b) The second category of underground engineering structures is constituted 
by tunnels, the typical features of which have just been described. 

(c) The third category comprises shelters offering protection against air attacks 
to persons, materials, warehouses, even to entire factory plants. The objective 
in this case is to ensure protection and the conditions necessary to life for a limited 
period or sometimes even for normal operating conditions. Safety is the only 
consideration in selecting the depth for these structures and consequently they are 
usually built in young geological formations. Their dimensions may vary within 
wide limits and are governed primarily by the effort to arrive at an economical 
structural design. 

Chambers of abandoned quarries and natural underground cavities have 
been frequently used for this purpose. 

(d) Finally, increasing use has been made in recent times of the subsurface 
space in highly developed city areas of metropolitan centres with dense traffic, 
not only for solving traffic problems and to provide for eventual wartime protec¬ 
tion, but also for . various purposes of peacetime storage. Typical examples of 
this category are underground garages and parking areas. 
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1.1. PURPOSES AND CLASSIFICATION OF TUNNELS 

The demands on passenger and goods transportation have increased immensely 
with social development. Not even the most adverse natural obstacles could 
curtail it. Rivers, mountains and oceans could delay transportation for certain 
periods only, but were eventually conquered by human endeavour. People and 
territories formerly isolated from each other are now linked by bridges spanning 
rivers and by tunnels underpassing mountains in increasing numbers and with 
increasing dimensions, each representing a tie and contribution towards the cul¬ 
tural unity of mankind. 

The purpose of tunnels is to ensure the direct transportation of passengers or 
goods through certain obstacles. Depending on the obstacle to be overcome and 
on the traffic, or transportation objective to be achieved, tunnels can be classified 
into various groups. 

The obstacle may be a mountain, a body of water, dense urban, or industrial 
areas (traffic, etc.). Tunnels may pass accordingly under mountains, rivers, sea 
channels, dense urban, or industrial areas, buildings and traffic routes. Their 
purpose may be to carry railway, road, pedestrian, or water traffic, to convey 
water, electric power, gas, sewage, etc. or to provide indoor transportation for 
industrial plants. Tunnels may thus be classified according to their purpose, 
location and geological situation. Depending on their purpose the following two 
main groups of tunnels may be distinguished: 

(A) Traffic tunnels: 

1. railway tunnels 

2. highway tunnels 

3. pedestrian tunnels 

4. navigation tunnels 

5. subway tunnels. 

(B) Conveyance tunnels: 

1. hydroelectric power station tunnels 

2. water supply tunnels 

3. tunnels for the intake and conduit of public utilities 

4. sewer tunnels 

5. transportation tunnels in industrial plants. 

In addition to purpose, important classification criteria are location, position 
relative to the terrain and alignment as well, these having a decisive influence on 
the tunnel section, the method of construction, the design and the acting forces 
(cf. Section 21.1). 

Tunnels will hereafter be understood as being underground structures, which 
apart from serving the above purposes, are constructed by special underground 
tunnelling methods generally without disturbing the surface. Tunnels are also 
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constructed in open pits excavated from the terrain surface and are backfilled 
subsequently (cut and cover). The means employed in these “cut and cover” 
methods do not differ essentially from those associated with the construction 
of foundation pit enclosure, dewatering, excavation and backfilling methods used 
in foundation engineering. 


1.11. TRAFFIC TUNNELS 

Traffic tunnels may be classified according to their position, or alignment and 
purpose. 

11.11. Classification by Position or Alignment 

11.111. Saddle and base tunnels. When leading from one side of a watershed 
to the other and when connecting parallel valleys, railways and highways are 
bound to cross mountain ridges. Tunnels being the most expensive of all struc¬ 
tures, the general tendency is to follow an open route as far up as possible in 
order to minimize the length of the tunnel. The open track is, in such cases, ted 
along the valleys. As long as the natural slope of the valley does not become steeper 
than the ruling gradient of the route, the length necessary for the climb can be 
ensured without difficulty. As soon as the valley becomes steeper (Fig. 1/1) the 
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line must be developed in length. At first one, then both sides of the valley and 
in many cases even the side valleys must be utilized for this purpose. Instead of 
a straight track the necessary length must be created by sinuous curves. Both the 
waste in distance, and the number of bridges and structures increase in this process 
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(cf. Fig. 1/3). The specific construction cost related to the distance between the 
points to be connected (termini) increases similarly. The valleys become gradually 
narrower and steeper until any further lenghtening of the line, when adhering to 
the specified smallest radii of curvature and steepest ruling gradients, proves to 
be technically impossible (cf. Fig. 1/2). The highest elevation is then attained 
beyond which the line must inevitably be led into the interior of the mountain, 
in order to arrive at the adjacent valley in compliance with the specified alignment 
and traction requirements. Tunnels built thus at the highest possible elevation 
are referred to as saddle, or watershed tunnels. They are usually adopted on railway 
lines of secondary importance and light traffic and on highways, where it is justi¬ 
fiable to save construction costs at the price of higher operating costs. On main 
lines, however, where the traffic density is great and traction loads are heavy, 
the increased travelling distance and the lost height would increase oper¬ 
ating costs sufficiently to make the construction of a tunnel at a greater 



Fig. 1/2. Comparison of base and pass-tunnels 

depth and of a greater length at the bottom of the valley more economical 
in the long run than to bear the constant losses arising from increased 
operating costs. It should also be borne in mind that the carrying capac¬ 
ity of a shorter line with gentle gradients is appreciably greater than of a longer 
one with steep gradients and sharp bends, and so the construction of a tunnel 
at greater depth, a base tunnel (Fig. 1/2) by which sometimes even the construction 
of a second line may be avoided, will represent the best solution economically. 
Another fact revealed by the figure is that secondary railway lines and particularly 
highways with a steeper ruling gradient e 2 attain the highest permissible embank¬ 
ment heights and cut depths (dmax) only at steeper terrain slopes and over short 
distances. On main lines with a more gentle ruling gradient, e y , this circumstance 
also will soon limit any line development. The increase of this A value is at the 
same time representative of the topographical difficulties encountered in the line 
development. In conclusion it can, thus, be established that on railway trunk lines 
base tunnels of increased length are usually preferred whereby both the length 
of the track and lost height can be minimized, whereas on secondary railway lines. 


24 


INTRODUCTION 


and especially for highways, saddle tunnels are given preference. Until recently 
even saddle tunnels were rarely adopted for highways since the allowable steep 
grades and small radius of curvature made the necessary development of the line 
on one side of the valley possible and thus the highway could be conducted in an 
open cut across the pass. In fact, the open route runs the risk of being made 
impassable by snow and ice, while other sections may be endangered by ava¬ 
lanches Owing to the sparcity and secondary significance of highway traffic such 
seasonal interruptions of highway routes were formerly tolerated Nowadays, 
however, uninterrupted and safe traffic conditions must be ensured particularly 
on busy motorways which justify the construction of saddle tunnels instead of 
open routes for highways as well. Even base tunnels have been adopted on 
highways of international importance, as exemplified by the 6 km St. Bernard 
and the 12 km Mont Blanc highway tunnels. 

11.112. Spiral tunnels. In the course of developing the required lengthening 
of the line the use of spiral tunnels often becomes inevitable. In valleys too narrow 
to return the track arriving from one side with the minimum permissible radius 
to the other and where the steep slope of the valley can no longer be followed 
(cf. Fig. 1/1. t > A,), the necessary additional length must be ensured by penetrat¬ 
ing into the interior of the mountain and the length required for overcoming the 
rise must be obtained by forming a loop (Fig. 1/3). The famous spiral tunnels 
on the Gotthard and Albula railways in Switzerland may be mentioned here. 



Fig. 1/3. Looping tunnels 
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Geologically, the widest variety of rock conditions is likely to be encountered 
in driving spiral tunnels, since in forming the loop the outer weathered and inner 
sound rocks must be traversed both parallel and normal to the dip. 

11.113. Offspur tunnels are used to shortcut minor local extruding obstacles 
(Fig. 1/4), when it is desired to maintain a straight line for any traffic route (railway, 
highway, canal), or when a sharp and steep projection cannot be followed with 
the minimum permitted curvatures (cf. Fig. 1/4). Another indication for this type 


Fig. 1/4. Offspur tunnels 



of tunnel is if the cut leading through the obstacle would be too deep, or if the 
open cut would induce sliding in the sloping layers. In general beyond 20 to 25 m 
cut depths the construction of a tunnel is more economical. 

11.114. Slope tunnels. These are also constructed with a local character. Their 
objective is to ensure safe operation and protection to railway and highway 
routes in steep mountain hangs. In such cases the dip of the layers, whether 
inward, or outward is of paramount importance. Outward dip of the layers is 
especially dangerous for open routes, and even slope tunnels must be located 
deeper in the mountain side under such circumstances (Fig. 1/5). Even where the 
stratification of the rock formations is favourable enough, i.e. inclined inward, 
it is not advisable to apply mixed cut and fill sections even though there is no 
danger of sliding, for the danger of rock and earthslides, or avalanches still 
remains. The primary aim of these tunnels is the provision of safe traffic conditions, 
but sometimes they are adopted for economic reasons, as the construction of the 
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alternative cut-and-fill section may call for the construction of very long slopes 
and of very high retaining walls the cost of which may well exceed that of a tunnel. 
Tunnelling, besides being cheaper, may also be appreciably safer. 


11.12. Classification According to Purpose 

11.121. Railway tunnels. Among traffic tunnels the importance of railway 
tunnels is unquestionably the greatest. The majority of railway tunnels are to be 
found in mountainous country, but there are some, too, which have been con¬ 
structed under watercourses, or in urban areas (e.g. New York). As far as location, 
site and functions of mountain railway tunnels are concerned, the same types can 
be distinguished as discussed in section 11.11. Otherwise these distinctions apply 
equally to highway tunnels in mountainous regions. The characteristic features 
of railway tunnels will be discussed in detail in connection with their design, 
location, cross-section and profile (cf. Section 2.2). 
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11.122. Urban underground railways. Although essentially railway tunnels, the 
tunnels of urban underground railways constitute an individual group among 
them, differing from other railroad tunnels as regards location, construction 
methods, materials and purpose. The latter are mostly of horseshoe section, while 
the tunnels of underground railways are usually circular, rectangular, or polygonal 
in cross-section, depending on whether highly located “cut and cover”, or deeply 
located tunnels are concerned (cf. Fig. 2/51). In design they most resemble sub¬ 
aqueous highway tunnels. The obstacle to be underpassed in the interest of traffic is, 
in this case, the densely overbuilt urban area, the network of streets and buildings. 
Underwater railway tunnels belong essentially to the same group. Such tunnels 
were relatively few in number, owing primarily to the difficulties encountered with 
steam and diesel traction. 

The stations of underground railways are of special structural design and of 
a great variety of types, especially in the case of deep lines (see Figs 6/160 to 
6/171). 

The principal special requirements of underground railway tunnels, distinguish¬ 
ing them from other railway tunnels, can be grouped as follows: 

1. Increased safety requirements due to the great density and high speed of 
traffic (freedom of displacement and deformation of track and tunnel lining); 

2. Careful watersealing; 

3. A high standard of cleanliness and ventilation. 

ad 1. Derailing due to breakage or even to the slightest loosening of rails may 
involve catastrophic consequences in view of the high speed of trains and to the 
confined space. 

ad 2. The tunnels, being located under groundwater level in the geologically 
youngest, waterbearing top formations, practically stand in water. 

ad 3. Since the stations themselves are accommodated in the same tunnel as 
the track, increased attention must be paid to the sanitation and ventilation 
requirements of the large number of passengers. Also, the removal of heat and 
dust caused by the sudden braking and acceleration of high speed trains must 
be provided for, and the tunnels must be kept clean. 

11.123. Highway tunnels. Highway tunnels can be classified broadly into three 
groups (see Figs 2/44 and 2/45). 

(a) Tunnels constructed on motorways, or modern main traffic routes may 
belong to the same types as railroad tunnels; pass tunnels (Giovi), base tunnels 
(Mont Blanc, St. Bernard), offspur, or slope tunnels are equally possible. Owing 
to the steeper ruling gradient on highways spiral tunnels have not been built 
so far. The only difference in cross-section in comparison with railway tunnels 
is the reduced height, since the ratio of width to height in the case of two-lane 
highway traffic differs from railway clearance requirements. Highway tunnels of 
this nature have been constructed in recent times only, since the significance of 
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highway traffic increased tremendously with the development of the motor vehicle. 
In earlier times highways always followed the slopes of the terrain, since the sparse 
horse-drawn traffic tolerated very narrow curves and steep gradients and the lost 
height in the alignment was not considered. The claims of modern motorways 
built for a great traffic volume are similar to those of railroads. 

(b) Interconnection tunnels, underpassing minor hills in tha interior of towns 
differ from the former group mainly in their dimensions. These tunnels are usually 
direct continuations of wide urban road arteries and are distinguished by a wide 
roadway and a great sectional height as well, in the interests of good natural 
ventilation, e.g. the urban tunnels in San Francisco, Budapest, Prague, Naples, 
Rome, Rio de Janeiro, etc., or they are artificially ventilated when of a flat 
section (Brussels, Paris, etc.). 

(c) The third group of vehicular tunnels, those under watercourses are also 
encountered in urban areas. In carrying urban traffic, these tunnels compete 
with bridges and present an especially attractive alternative to the latter where 
high clearances are required to ensure the passage of seagoing vessels at all times. 
In highly frequented sea ports attempts were previously made to solve the problem 
of simultaneous navigation and road traffic by the compromise of lifting, or revolv¬ 
ing bridges (Leningrad, London, Copenhagen, etc.). With traffic of increasing 
density on both water and road, the situation created by such solutions became 
soon intolerable. The accommodation of the approaches of fixed high level bridges 
may encounter unsurmountable town planning difficulties in congested urban 
areas, interfere with the very important traffic on quays and docks, and in addition 
may produce such an unaesthetic appearance to a city that this alone might 
justify the abandonment of this solution. In many instances also the construction 
costs of a permanent bridge may exceed those of a tunnel. Thus, e.g. in Hamburg 
the required navigation clearance for seagoing vessels would have been 55 m 
and while the tunnel actually cost 15 million marks, the construction costs of 
a bridge were estimated at 25 million. A similar clearance of 55 m would have 
been necessary in Antwerp as well, and a suitable bridge would have cost from 
260 to 360 million francs in 1932, whereas the actual construction costs of the 
tunnels amounted to 245 million francs only. For the same reasons tunnels re¬ 
mained the only choice in the most valuable city areas of New York. The reduc¬ 
tion in construction costs of tunnels resulting from the use of prefabricated large 
R.C. caissons has further added to their advantages over bridges (Rotterdam, 
Amsterdam, etc., see Section 63.12). 

In Budapest, on the other hand, where the required navigation clearance is not 
more than 15 m, the costs of a tunnel would be three times as high as those of 
a permanent bridge. 

The advantages offered by such tunnels to town planning may even outweigh 
economic considerations. In fact open cuts for the access and egress roads of the 
tunnel are inevitable beyond a certain depth. This depth is, however, usually no 
more than 5-6 m and with gradients of 3-5 % permitted for vehicular traffic the 
disturbance of the town area extends to a length of 100-150 m only. On the other 
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hand, the approach ramps of the bridges mentioned must be at least 1150-1500 m 

^Further advantages of tunnels are their greater immunity to military attack, 
as well as the greater freedom in alignment to deviate from Jhe.^ra'ghtaxi 
as a consequence of which not only may the approaches be shorter, but they can 
be fitted much more readily into the existing street pattern of the city and h 
disturbance of embankment areas of great traffic value and often of historical 

''As 6 demonstTated Tfeuchtinger in a traffic engineering stu £^ 
a particular project, 1 - 1 tunnels under waterways are superior to bridges as far as 
S— and from the point of view of traffic engineering four lane 
constructions are preferable to two-lane ones. The summary and comparison 
relative costs yielded the following sequence. 


1. four-lane tunnel 

2. four-lane bridge 

3. two-lane tunnel 

4. two-lane bridge 


= 82%, 
= 89%, 
= 100 %, 
= 113%. 


As resards the steepest permissible gradient, crossing time and construction 
costsareconflictingfactors. Assuming mixed vehicular traffic the 
ical eradients for crossing time and fuel consumption are 3-5 % and u /„, 
respectively 1 In rating the role of time factor the more important, he spectfies 
the most favourable gradient at 3-5%. 

Vehicular tunnels under waterways show a great similarity to undergroun 
railway tunnels in cross-section and to some extent in construction methods^ 
They Ire built in identical urban surroundings and under identical underground 
conditions. Naturally, the gradient on the approaches may be «***■**'£%* 
designed mainly for motor traffic the gradient value usually ranges from 3 to 5 %. 

In particular the vehicular tunnels under the Elbe River in Hamburg should be 
menficined where in order to save the inclined approaches and valuable urban 
territory which would have been affected by them, connection to the street Iietw ° 
was made by elevators accommodated in vertical shafts at the tunnel ends Th 
employment of the sinking method of prefabricated caissons previously 
also offers a possibility for a considerable reduction in the slope and length o 

access ramps. 

11 124 Pedestrian tunnels. Essentially, these belong to the group of road tunnels, 
but owing to their smaller cross-section, short radii of curvature andI steep P£ 
missible gradient (up to 10%) as well as to the possibility of providing for thci 
access in vertical shafts instead of ramps, their construction and design ^ sufficiently 
simplified to justify their discussion as a separate group. They are usually employed 
under surface traffic centres i.e. in the interior of towns. Beginning with the 

>•1 Feuchtinger, M. E.: HochbrUcke Oder Tunnel, Strasse und Autobahn 1956 226 
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underpasses at congested intersections and under bridge approaches (London, 
Paris, Frankfurt, Munich, Vienna, Genoa, Rome, etc.) up to the pedestrian 
tunnels under wide watercourses (Hamburg, Antwerp) similar structures are built 
under the greatest variety of conditions. Among pedestrian tunnels those under 
the Elbe in Hamburg and under the Schelde at Antwerp have gained the widest 
reputation. These are built without inclined approaches but terminate, in vertical 
shafts, where pedestrians are carried by passenger lifts to and from the surface. 
The tunnel in Antwerp was built especially for pedestrian traffic, while the one 
in Hamburg carries mixed traffic, with 1 '25 m wide sidewalks at both sides of the 
central single-lane roadway in a way similar to the deck arrangement of highway 
bridges (cf. Fig. 2/44). 

11.125. Navigation tunnels. Among tunnels for traffic, navigation tunnels were 
among those whose importance and the economic interests concerned justified the 
expense and labour involved in their construction. In the development of civili¬ 
zation the transportation potential of waterways was first utilized, and in order 
to establish connections for navigation from one river system to another, the 
construction of inland navigation canals was started as early as the 17th century. 
In crossing dividing mountain ridges the necessity for constructing navigable 
tunnels soon arose. From the Malpas tunnel opened in 1679 there was a long 
development to the construction of the Rove canal tunnel in the vicinity of Mar¬ 
seilles in 1922. This is still the world’s largest tunnel. Typical features of navigation 
tunnels are the impermeable lining and careful sealing, as well as the great width, 
which is, relative to the vessel towed, the largest among all traffic tunnels in the 
interest of keeping towing resistances as small as possible (cf. Table 1/1 and Fp. 
6/59). An additional factor calling for great width is the poor manoeuverabihty 
of floating craft. For these reasons the wide cross-section is usually covered with 
a flat arch. Watertight internal seals, or linings were frequently found necessary 
(cf. Fig. 2/41). In regions where there is a possibility of tectonic movement, or 
where the rock formations are faulted or cracked and show a tendency to slip, 
navigable canal tunnels must not be constructed. 

Here again, single and two-lane tunnels can be distinguished, and in the case 
of long tunnels intermediate passing points are usually provided. 

I. 12. TRANSPORTATION TUNNELS 

II. 21. Hydroelectric Plant Tunnels 

The water diverted for utilization in hydroelectric stations is conveyed from 
the raised reservoir to the adjacent valley, or the powerhouse, located at a lower 
elevation. Two main groups of tunnels for this purpose can be distinguish . 
Those which discharge with full section directly to the turbines are referred to 
as pressure tunnels. Owing to the considerable difference in elevation they are 
subjected to very large internal pressures. In contrast, tunnels constructed for the 
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sole function of conveying water by normal gravity from one side of a mountain 
to the other, or from the point of diversion to the head of the steep incline, are 
ttrmed discharge tunnels (Fig. 1/6). 

Between the two groups significant differences exist as far as loads, cross-section 
and shape are concerned. Pressure tunnels are subjected to an internal water 
pressure which is frequently many times in excess of the external rock and ground 
water pressure. The resultant tensile stresses can be resisted most economically 
by a circular cross-section. Pressure tunnels are therefore built with a circular or 



Fig. 1/6. Location of water-conveying and of pressure tunnels 


horseshoe-shaped cross-section, the latter being more readily adaptable to drilling 
methods. In order to resist tensile forces these cross-sections are provided with 
a lining of at least reinforced concrete, but steel linings are also quite common. 
These linings have, of course, a sealing function as well, since water under high 
pressure is more likely to escape through the fissures and cracks in the rock 
(cf. Fig. 2/40). 

Simple discharge tunnels, on the other hand, are usually designed with a horse¬ 
shoe cross-section similar to that of railway tunnels, the internal pressure exerted 
by the water conveyed being negligibly small in comparison with the rock pressure 
acting on the tunnel. The horseshoe section with an inverted base has been found 
most economic for tunnels of this type (cf. Fig. 2/40). It will be realized that the 
application of a reliable interior waterseal is essential. 

These tunnels, even more than the navigation tunnels mentioned previously, 
cannot be built, unless the rock is completely immobile and solid, i.e. pressure 
tunnels, or pressure shafts must not be constructed in rocks interlaced with faults 
and cracks and tending to slip, or in those liable to tectonic movements. 

11.22. Water Supply Tunnels 

These are essentially identical with discharge tunnels dealt with in the preceding 
paragraph, the only difference being in their respective functions. The task in this 
case is the conveyance of domestic water from springs, reservoirs, or river diver- 




32 


INTRODUCTION 


sions to the storage tanks of the city waterworks (cf. the Delaware tunnel in the 
supply system of New York). The main difference is that, being built for the con¬ 
veyance of domestic water to major settlements, supply tunnels are in many 
instances located in recent alluvial layers, while pressure tunnels traverse moun¬ 
tainous regions, i.e. are usually located in more solid rocks. Again, the distinction 
between free-surface, or low-head tunnels and pressure or high-head tunnels can 
be made here (cf. Figs 1/6 and 2/40). 

11.23. Public Utility Tunnels 

These are usually built in city areas for carrying power, telephone and other 
cables gas, water and other important utility pipes under watercourses, roadways, 
railway tracks, blocks of houses, etc. and to provide for continuous inspection, 

maintenance and repair of occasional damage. _ . 

A significant difference from several tunnel types previously mentioned is that 
vertical shafts, instead of inclined access paths, are used for connecting them with 
the surface. A great advantage of these urban public utility tunnels is the possi¬ 
bility of constructing them with tunnelling methods, eliminating the necessity of 
open trenches and the disturbance of surface traffic. Their maintenance and inspec¬ 
tion can be performed similarly. Short utility tunnels of small dimensions have 
recently been built by jacking prefabricated lining units through the ground start¬ 
ing from head shafts (cf. Section 64.3 and Figs 6/178 and 6/179). Several utility lines 
(gas, water, cables, etc.) are accommodated in a common tunnel especially in 
industrial plants and in newly established residential areas. 

Utility tunnels may be rectangular or circular in cross-section, depending on 
whether they are constructed by tunnelling, or by the cut-and-cover method n 
location and dimensions they usually resemble urban pedestrian tunnels (cf. 

Fig. 2/42). 

11.24. Sewer Tunnels 

These are constructed for the removal of domestic sewage and are, in certain 
respects different from other utility tunnels, being more similar to water supply 
tunnels (cf. Figs 2/40 and 2/42b). Sewage flows in them under the action of gravi y, 
and the primary role of internal watersealing is to protect the walls against * 
aggressive action of harmful chemical agents contained in the liquid, the prevention 
of seepage losses being the secondary consideration. For this reason an interna 
lining of sintered bricks, ceramic tiles, laid in acid-resistant and bituminou 
mortar is necessary, as a rule. Of course, it is only the main sewers of very large 
diameter which are constructed by tunnelling techniques, because these are at 
a sufficient depth below the ground surface to permit the use of such methods 
Owing to the considerable variations in sewage volume, cross-sections of special 
shape are used for these tunnels, inasmuch as a smaller trough (cunette) is pro¬ 
vided at the bottom of the invert to collect small flows. Occasionally, only this 

trough is lined with brickwork. 
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The construction of sewer tunnels may become necessary under watercourses 
as well as under urban traffic lanes not only for conveying but also for introducing 
sewage into the recipient (cf. Fig. 6/77). 

11.25. Other Tunnels 

A wide variety of tunnels is required for the operation of particular industrial 
plants. Examples of these are the sand conveyance tunnels in foundries, scale and 
scrap tunnels in rolling mills and various other utility tunnels. 

1.13. STORAGE TUNNELS 

(GARAGES* PARKING AREAS, SHELTERS AND STOREHOUSES) 

As a result of the rapid development of urban traffic and the growing congestion 
in their centres, no garage facilities are nowadays available to thousands of auto¬ 
mobiles and badly needed public space is occupied at night by vehicles parked at 
kerbs and at every conceivable place. During daytime motor traffic in the city 
streets is practically impossible. Since the roadways, which are usually not suf¬ 
ficiently wide, are blocked by parked automobiles, city authorities levy heavy 
parking charges to discourage motorists from unnecessary parking. (According 
to estimates traffic congestion, e.g. in Paris, is responsible for an annual loss of 
34 thousand million francs.) Following electric tramways, buses and trolley buses 
are gradually being excluded from city centres and the underground railway is 
becoming the only means of transportation. These are the reasons which make 
the systematic development of the space available under valuable city areas a 
compelling necessity. Also, the unobstructed rapid access to the city centre by 
public transport must be available. This demand has led to the idea of the under¬ 
ground development of metropolitan areas, conceived 25 years ago. The objective 
pursued is the advance planning of the underground transport network, under¬ 
ground railways, express motorways, subways, garages and parking lots, and the 
systematic co-ordination with the requirements and network of public utility 
services. As indicated by the evidence already available the random location of 
utility pipelines and other miscellaneous structures (pedestrian subways, etc.) 
results in wasting space which is of immense potential significance for future 
town development, and the relocation of scattered structures at a later date involves 
excessively high costs. Since the construction of underground garages and parking 
areas has become an actuality, the space requirement of underground road and 
railway traffic must be determined in advance and the necessary areas must be 
reserved for them. 

Thus, at present, the main obstacles to the construction of underground garages 
and parking areas are: 

1. the irregularity of existing underground conduits and structures; 

2. the difficulties encountered in construction work (maintenance of surface 
traffic, or difficult circumstances of underground construction, turnouts; 


3 Szechy: The Art of Tunnelling 
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3. the high investment costs of this type of construction., 

4. ventilation and sanitation problems. 


Proceeding along the line of least resistance the urban areas utilized first were 
those offering certain natural advantages, e.g. parks, quays, river bees, hihsides. 



Fig. 1/7. Design of a 

subterranean 
parking place 


bridge approach viaducts. , . , 

Utility conduits are less frequent under park areas and construction work does 

not interfere with traffic here. Utilities are similarly infrequent under quays and 
bridge approaches, and in addition, the side-wall of the quay, or approach can 
be utilized as a lateral wall either at one side or both, while m the latter case the 
bridge deck may even serve as the roof for the garage as well. 

When utilizing steep hillsides the length of access ramps can be reduced to 
a minimum and a saving in lining can also be expected. The space probkm of 
entrance and exit ramps has recently been eliminated in many instances by pro¬ 
viding special vertical lifts for transporting the vehicles to and from the garag 
A highly original idea is the utilization of the bed of the River Limmat a 
Zurich where it is contemplated to accommodate a two-storey garage of 126 m 
by 41 m surface area in huge pneumatic caissons to be sunk below the bed level. 

A further aim in the construction of underground garages and parking areas 
is to provide air raid shelters capable of offering adequate protection to the city 

population. 
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Fio. 1/8. Location and turbine house of a subterranean hydraulic power station 
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As an illustrative example the schematic arrangement of the parking area 
planned under the Monceau park in Paris is shown in Fig. 1/7. About 1900 
vehicles can be accommodated in the 30 m wide, 181m long, three-bay, five-storey 
structure, which is capable of affording shelter to about 80 000 persons. Access 
ramps are designed with helical bends in order to increase protection against 
bomb damage. In order to eliminate the explosion hazard caused by fuel vapours 
a high standard of ventilation must be ensured, involving the necessity of a 

complete air exchange every 4-6 minutes. 

A detailed treatment of various regulations and specifications relating to e 
design and construction of air-raid shelters would be out of place here and the 
space requirements and dimensions of large underground machine halls and 
other plants for hydroelectric stations vary for each particular installation and 
their arrangement is also adapted to suit actual conditions. Geological considera¬ 
tions also favour the accommodation of turbines and generators of high-head 
hydroelectric plants in large underground halls (Fig. 1/8). Such halls are pre¬ 
ferably located in mountain-sides, or in existing natural caves, or in t>la quarries 
by providing for their proper permanent support and adequate enlargemen . 


1.2. A BRIEF HISTORY OF TUNNEL CONSTRUCTION 

The history of the art of tunnel driving reaches back to prehistoric times when 
primitive man, seeking shelter against the inclement weather and his enemies, 
excavated cavities resembling natural ones, or drove headings to enlarge the 

latter . . 

There is ample archeological evidence to indicate that underground cavities 
were excavated as early as the stone age in the search for mineral deposits. These 
primitive headings were already of circular cross-section and reveal a certain 

rC ?he r 0 hlest tunnel, i.e. underground structure built for the express purpose ol 
communication was constructed, according to present knowledge 4000 years 
ago under the reign of the famous Queen Semiramis in ancient Babylon to under¬ 
pass the bed of the River Euphrates and to establish an underground connection 
between the royal palace and the Temple of Jove. The length of this tunnel was 
1 km and it was built with the considerable cross-section dimensions of 3-6 m 
bv 4-5 m The River Euphrates was diverted from its original bed for the construc¬ 
tion period and the tunnel, which would be a considerable project even according 
to modern standards, was built in an open cut. The wall of the tunnel consists 
of brickwork laid into bituminous mortar and the section is covered from above 
by a vaulted arch. The vast scope and extent of the undertaking point to the fact 
that this tunnel was not the first of its kind to be built by the Babylonians and hat 
they must have acquired skill and practice with several tunnels built earlier. 
To appreciate tlie grandeur of the undertaking it should be remembered that the 
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next subaqueous tunnel was opened about 4000 years later, in 1843. This was the 
tunnel under the River Thames in London. 

Numerous tunnels were driven later for military purposes to undermine hostile 
fortress walls, and to open access through them into the interior of besieged 
towns. Tunnels built for undermining or underpassing fortifications were an impor¬ 
tant feature of Roman and Greek warfare as well. 

The 200 m long tunnel built with 0-7 m by 0-7 m internal dimensions 2700 years 
ago by Hezekiah, King of Judea, in Jerusalem for introducing the water of a 
nearby spring into the town also served military purposes, as it was prompted 
by the fear of the impending siege by the Assyrian army. The most famous Greek 
tunnel on the Island of Samos was also built 2600 years ago for water supply 
purposes with a length of about T5 km and with 1-8 m by T8 m internal dimen¬ 
sions! 

The aqueduct tunnels built in Roman times also acquired great fame and repu¬ 
tation. Of these the supply tunnel built in the reign of the Emperor Hadrian, 
i.e. 1800 years ago in Athens, was reconstructed in 1925 and is still operated by 
the municipal water works. 

Tunnels several thousand years old and driven in rock have been found in 
great numbers during the exploration of Egyptian tombs -and temples. The number 
of tunnels built in ancient India and Mexico, as well as in Peru, is similarly large. 

The 900 m long and 7-5 m wide road-tunnel under Posilipo hill on the Naples- 
Pozzuoli route was built 2000 years ago and can be attributed to Roman civiliza¬ 
tion. A most extensive network of tunnels was developed at the time of the per¬ 
secution of the Christians in Rome, where countless chambers were excavated 
along the passages and halls connected by the catacomb system, which in turn 
were started from abandoned quarries. In these chambers over 6 million deads are 
deposited. 

In the cultural decline of the Middle Ages tunnels were built for military pur¬ 
poses only. The construction of the Col di Tenda road tunnel was started under 
the Maritime Alps between Nice and Genoa in 1450, but it was soon abandoned 
and left unfinished to this very day. Mention must be made of the 5-6 km 
long drainage tunnel of the Biber mine at Selmecbanya, Hungary, which 
was started around 1400 and was the most remarkable underground project of 
its time. 

Attention was again focussed on tunnelling by the construction of navigation 
tunnels in the 17th century. The differences in elevation which can be overcome 
by navigation canals .are, indeed, very slight and so comparatively low terrain 
obstacles, such as hills, made tunnelling inevitable. Gunpowder was introduced 
for rock blasting in the construction of a tunnel on the Languedoc canal in France 
in 1679. Prior to this, rock was broken with hammers and wedges by manual 
labour with heavy toil and immense effort. Occasionally, the rock was heated 
and then quenched with cold water so that the rock fissured by sudden contraction, 
and so could be broken and excavated more readily. Gunpowder had been used 
half a century earlier in mining. Its first application was also in Selmecbanya, 
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Hungary, in 1627. Difficulties similar to those of excavation were encountered 
also by underground water inundating the mines, and this led to the development 
of water lifting devices. The importance of these in tunnelling was less pronounced, 
since drainage could always be achieved by the relatively simple means of con¬ 
structing the tunnel at a gradient, or by a separate drainage gallery. 

From this date, navigation canal tunnels were built both in France and England 
in rapid succession as navigation canals became the economical means of transport 
not only for agricultural products, but also for those of industry and mining, 
e.g. coal. On the canals traversing hilly mining regions in the two countries a great 
number of navigation tunnels have been built, the total length of which attained 
several hundred kilometres, during one and a half century. 

The impetus imparted by inland navigation was further increased by the advent 
of railways, which, with their gradient limitations, were soon confronted with the 
first terrain obstacles. The first railway tunnel for horse-drawn operation was 
constructed in France in 1826 on the Roanne-Andressieux line. The first railway 
tunnel for steam traction was constructed between 1826 and 1829 on the Liver- 
pool-Manchester line. The rapid development of the railway network and the 
recognition of its tremendous importance in establishing close contact over an 
ever widening area led shortly to the necessity to construct tunnels under huge 
mountain ranges. The realization of these gigantic tunnel projects, involving the 
piercing of several kilometres of hard rock, would have been impossible without 
the development and application of new rock excavation and construction 
methods. 

It was during the construction of the Mont Cenis tunnel between France and 
Italy, started in 1857, that the hydraulic rock drill was introduced, which was 
superseded by the pneumatic drill improved by G. Sommellier. Dynamite was 
invented at about the same time, in 1864, by A. Nobel. As a result of the new 
techniques the 12-8 km long tunnel was already opened to traffic in 1871. The 
improvement of tunnelling techniques remained associated with the famous Alpine 
tunnels (in Switzerland the Gotthard, Simplon and Lotschberg tunnels; in Austria 
the Semmering, Tauern, Karawanken and Arlberg tunnels), and later with the 
Italian tunnels (Ronco, Col di Tenda, Monte Adone, etc.), during the construction 
of which not only practical methods and equipment were improved and perfected, 
but also the theory of rock pressure and the structural analysis and dimensioning 
of tunnel linings was evolved. Parallel with these outstanding engineering a- 
chievements countless tunnels of minor or major significance were built all over 
the world, in Russia, Germany, France, the United States, Norway, Japan, New 
Zealand and more recently in the Soviet Union, Iran and Turkey as well, using 
construction methods and equipment some of which may already be regarded 
as standard, while others are still developing (e.g. the frazing machine “mole 
pp. 711). 

A relatively recent outstanding accomplishment in the field of railway tunnel 
construction is the Great Apennine tunnel built on the new Bologna—Florence 
line. During the 11 years of construction 1 970 000 m 3 (2 570 000 cuyd) of rock 
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were excavated. The development will be appreciated if it is remembered that 
during the 14 years of construction 610 000 m 3 (800 000 cuyd) were excavated for 
•he Mont Cenis tunnel. 

The 8 km long double track Tanna tunnel built on the Tokyo-Kobe route 
■ 'om 1918 to 1934 has won a special place in the history of tunnelling because 
of the difficulties encountered during construction. These included the caving in 
of a 60 m (200 ft) high roof and the repeated flooding of the headings by an influx 
of water under 200 m (600 ft) head and at 31 °C. The drainage of this water 
necessitated the driving of five parallel drainage drifts in sequence. Owing to the 
enormous rock pressure the thickness of the concrete vault roof had to be increased 
in places to 2 m (6 ft 8 in). 

The lessons learned with railway tunnels were adequately utilized during the 
construction of water tunnels built in increasing number since the turn of the 
century with similar cross-sections for conveying domestic and industrial water, 
as well as for the conveyance of water to hydroelectric stations. New problems 
arose in these tunnels in connection with the proper design of the waterproof 
lining. 

The demand for constructing subaqueous tunnels arose in the wake of the rapid 
development of traffic in cities situated along watercourses and the tremendous 
increase in the ‘speed’ of urban life. Subaqueous vehicular tunnels were the first 
representatives of this group, but were soon followed by the tunnels of under¬ 
ground railways and of various public utilities. A wide variety of construction 
methods and materials has been developed for these, partly in response to the 
new problems encountered. The construction of the first tunnel under the River 
Thames in London was started for the first time in 1807, but it was soon flooded 
and abandoned. Construction work was resumed only 15 years later by the 
engineer Brunel using the shield invented by him. After many difficulties involving 
several floodings, the double track tunnel only 150 m (500 ft) long under the bed 
and with 6-7 (22 ft 4 in) by 11-3 m (37 ft 8 in) cross-section was completed in 
1842. Brunei’s first shield was rectangular and the tunnel was lined with brick¬ 
work. 

The construction method involving the use of a cylindrical shield was greatly 
improved by Greathead, who employed it successfully in London in 1869 for 
the construction of the Tower Tunnel, for which cast-iron segments were already 
used. A pedestrian tunnel was built almost simultaneously in New-York City 
by Beach, also using the shield method. After the first successful applications the 
shield method was combined with compressed air dewatering and it soon became 
the almost exclusive tool for building subaqueous and underground railway 
tunnels. It would be a difficult task to attempt to list all the famous underwater 
tunnels built with the shield method. The most recent examples are the vehicular 
tunnels between Blackwall and Rotherhithe in London, the Battery, Lincoln and 
Midtown tunnels in New York, the tunnel under the River Schelde in Antwerp 
and the largest, the highway tunnel under the River Mersey of 14-3 m (47 ft 8 in) 
diameter from Liverpool to Birkenhead. 
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The shield method of tunnelling has recently been further developed in the 
construction of the Moscow, London, and Leningrad underground railways. 
The shields have been equipped with efficient excavating and mucking machinery 
as well as lining erectors, which enabled the daily peak advance of 25 cm' attained 
by Brunel to be increased to 10-15 m. 

In soils which are highly pervious both to air and water, and which are at 
a moderate depth under the river bottom, the shield method has been superseded 
by one in which prefabricated tunnel elements are sunk into place. For this pur¬ 
pose either precast caissons incorporating the tunnel sections are sunk side by 
side (Rotterdam and Amsterdam tunnels and the Deas Island tunnel, the sewage 


Main Data of Some Remarkable Tunnels 


Name 

Construction 

period 

Line. 

country 

Purpose 

Rock quality 

Depth 
of cover 
(m) 

RAILWAY 

Simplon I. 

II. 

1895-1906 

1912-1921 

Brig-Chiasso 

Switzerland- 

-Italy 

Single 

track 

Gneiss, 
limestone, 
clay shale 

2150 

Mont Cenis 

1857-1871 

Modane- 

-Bardonecchia 

France-Italy 

Double 

track 

Limestone, 

gneiss, 

sandstone 

1600 

Gotthard 

1872-1881 

Goschenen- 

-Airolo 

Switzerland 

Double 

track 

Gneiss, 

breccia 

boulders 

1800 

New Cascade 

1924-1927 

. 

USA 

Single 

track 



Suramsk 

1890- 

Caucasus 

Sowiet Union 

Double 

track 

Hard rock 


Great 

Apennine 

1920-1931 

Prato 

Italy 

Double 

track 

Sandy, 
clayey shale 
and marl 

300-600 

Tanna 

1918-1934 

Atami 

Japan 

Double 

track 

Lava, volcanic 
tuff, clay 

378 

Hokoriku 

1957-1960 

Japan 

Double 

track 

Sandstone, 

granite 

60 

Monorfalva 

1941-1942 

Monorfalva 

Transylvania 

Single 

track 

Clay 

100 
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outfall tunnel in Budapest), or a continuous steel pipe section is sunk into a dredged 
trench (Houston). The prospects for this method are still very promising and it 
may be regarded as the latest stage attained in tunnelling technique, concluding 
at the same time the history of development. 

A comparison of the dimensions, cross-section and construction times of several 
transportation tunnels is given in Table 1/1, illustrating to a certain extent the 
development outlined above. As will be perceived from the table, the tunnel 
with the largest cross-section is the Yerba-Buena Tunnel in San Francisco, but the 
Rove Tunnel near Marseilles may still be regarded as the largest tunnel in the 
world, where the total excavated volume was in excess of 2 million m 3 (2-66 


Table 1/1 


Max. 

temp. 

CO | 

Lining 

material 

Total 

length 

(m) 

1 

Shape and dimensions 
of cross-section 
(m) 

Section 

area 

(m*) 

Exca¬ 
vated 
volume 
(1000 m 3 ) 

Excavation 
per year 
(m 3 ) 

j Remark 

TUNNELS 

56 

Ashlar 

19 730 

Horseshoe 

2 x 27 

1070 

53 500 



stone. 


5 0 X 5-35 






concrete 



Concrete 13 871 i Horseshoe 75 1000 250 000 j Water 

block ! 8-54 X 530 inrush 15 °C 


Concrete, 906 i Horseshoe | 45 j 40 25 000 

precast j 5'50 x 5'70 

I block 
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Name 

Construction 

period 

Line, 

country 

Purpose 

Rock quality 

Depth 
of cover 
<m) 






HIGHWAY 

Forest-Hill 

1851-1853 

Budapest 

Hungary 

Urban . 
vehicular 

Marl 

40-50 

Yerba-Buena 

1934 

San-Francisco 

USA 

Urban 

vehicular 

Sandstone 

200-300 

Giovi 

1932-1934 

Milano-Genova 

Italy 

Motorway 

Clay shale, 
limestone 

200-300 

Mont Blanc 

1959-1965 

France-Italy 

Highway 

Gneiss, 

protogin 

2000 
(24 500) 

St. Bernard 

1959-1964 

Switzerland- 

-Italy 

Highway 

Granite, 

gneiss 

1500- 

-1800 

Under the 

Elba River 

1907-1911 

Hamburg 

Germany 

Vehicular + 
pedestrian 

Sand, 
clay shale 

60 

Under the 

1931-1933 

Antwerp 

Vehicular + 

Silt, 

7-0 

Schelde 


Belgium 

pedestrian 

fine sand, 
clay 

9-5 

Lincoln 

1934-1939 

New York 

USA 

Highway 

1 

Silt 

and rock 

10-12 

Rotherhite 

1904-1908 

London 

Great Britain 

Highway 

Silt, 

sand and gravel, 
clay 

14 

Brooklyn- 

-Battery 


New York 

USA 

Highway 

Silt 

10-12 

Queens-Midto wn 

1936-1941 

New York 

USA 

Vehicular + 
pedestrian 

Silt, 

rock 

(4-5) 

14 

Mersey 

1925-1934 

Liverpool 

1 Great Britain 

Vehicular + 
pedestrian 

Sandstone 

1-10 

! 6 
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Table l/l (cont.) 


| C*)\ 

Lining 

material 

Total 

length 

(m) 

Shape and dimensions 
of cross-section 
(m) 

Section 

area 

(m*) 

Exca¬ 
vated 
volume 
(1000 m 3 ) 

Excavation 
per year 
(m s ) 

Remark 

TUNNELS 


Brisk 

3496 

Horseshoe 

9-48 X 10-60 

80 

28 

9 300 

Water 


Reinforced 

concrete 

150 

Horseshoe 

24 x 18 

432 

65 

65 000 



Stone 

2 868 
(892) 

Horseshoe 

9-20 X 10-30 

74 

210 

70 000 



Concrete 

12 650 

9 X 12-45, 

9 X 9-65 

80 

101 | 
_ 1 

300 000 



R. C. 

6 600 

Horseshoe 

10-64 X 9-56 

Utilized 

cross-section 

4-8- X 9-74 

95 

660 

120 000 



Structural 
steel ring 

448-5 

Circle 2 X 6'0, util¬ 
ized cross-section 
4-70 X 4-50 

28-2 

25 

6 200 

Vertical 
shaft access 

Cast iron 
ring 

575 

2111 

Circle 9-40, util¬ 
ized cross-section 
6-75 X 4-50 

69-5 

180 

160 

54 000 

Grade 

3-1% 


Cast iron and 
steel lining 
segments 

2 729 

Circle 9-62, util¬ 
ized cross-section 
4-14 X 6-54 

72-5 

198 

40 000 
(12 000) 



Cast iron 

2 095 

Circle 9-14, util¬ 
ized cross-section 
2x1-4 + 4-87 

65-61 

137-5 

35 000 



Cast iron 

2 970 

Circle 9-5 0 
(6-30 + 405) 

71 


210 000 



Cast iron 
ring 

2 X 1900 

Circle 9-50, utilized 
cross-section 

6-30 X 410 

71 

270 

54 000 

J - 


Cast iron 
segment 

3425 + 

+ 1195 

Circle 

14-10 

155-96 

720 

80 000 

Grade 

3-5% 
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Name 

Construction 

period 

Line, 

country 

Purpose Rock quality 

Depth 
of cover 
(m) 

HIGHWAY 

Maas 

1937-1941 

Rotterdam 

Netherlands 

Vehicular + Silt 
pedestrian 

3-4 

UNDERGROUND 

Underground 
Ilford line 

1939-1946 

London 

Great Britain 

Under¬ 

ground 

railway 

Upfiil, 

clay, 

ballast 

10-20 
max. 60 

Metro 

1900- 

Paris 

France 

Under¬ 

ground 

railway 

Silt, 

upfill sand 

3-5 

U-Bahn 

Nord —Slid 


Berlin 

Germany 

>• 

Sand 

3-5 

Subway 


Chicago 

USA 

” 

Blue clay 

10 

Tunnelbanan 

1914-1953 

Stockholm 

Sweden 

" 

Granite rock 

5-30 

Metro 

1934 1964 

Moscow 

Soviet Union 


Sarmatian 
limestone, 
carbonitic clay 


Underground 

1950- 

Budapest 

Hungary 

” 

Oligoccne clay 
and 

silty clay 



NAVIGATION 


Languedoc 

1679- 

Malpas, France 

Navigation 



Rove 

1911-1922 

Marseille 

France 

Navigation 

Dolomite, 

limestone 


Genissiat 

i 

i 

1946-1950 

Bellegarde 

France 

1 

Pressure 

tunnel 

Limestone 
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Table I/i (cont.) 



Total 

Shape and dimensions 

Section 

Exca- 

Excavation 



length 

of cross-section 

area 

volume 

per year 

Remark 

CO 

(m) 

(m) 

(m’J 

(1000 m 3 ) 

(m 1 ) 



TUNNELS 


1 R. c. 

1 070 

24-8 x 8 40 

208 

223 55 800 

2 lane, 1 pe- 






destrian, 1 






cycle + pub- 






lie utilities 


TUNNELS 



Partly RC 

lining 

segments 

15 200 
(414 000) 

Circle 

3-73 

1 

11 

167 

24 000 



Brick + 
concrete 

164 600 

Inner 

6-7 x 4-5 






R. C. 

65 000 

Inner 6'24 X 3'30 
6-90 X 3-60 






R. C. and 
cast iron 

22 500 

Horseshoe 
(4-5 x 4-5) 

6 0 x 6 40 

32 

72 




R. C. 

10 500 

8 80 X 6 0 

52-8 

560 

46 000 


Cast iron 
and R. C. 

59 500 
36 500 

Circle 2 x 6'0 
Circle 2 X 5 - 5 

57 

48 

5500 

4000 

255 000 
400 000 

Station tun¬ 
nels 3 X 9-5 

0 3 x 8-5tr. 0 


Concrete + 
cast iron 

8 200 

2 x 55 

48 

800 


Station 
tunnels 
3x8'5 m 0 


TUNNELS 



Brick 

157 

84 X 69 

47 

25 




Concrete 

7 118 

Flat arch over rect¬ 
angular section 

22 0 x 15-4 

305 

2170 

168 000 



Concrete 

1 150 

Horseshoe 

11-4 x 8-65 

84 

97 

24 000 

Pressure 

tunnel 



46 


INTRODUCTION 


million cuyd), and, as far as the volume of rock excavated annually is concerned, 
it occupies the second place among all the tunnels of the World, in spite of the 
interruption caused by World War II. On the basis of total excavated volume 
the second largest tunnel is the Great Apennine tunnel between Bologna and 
Florence, the volume being little less than 2 million m (2-6 million cuyd), although 
the volume of rock excavated annually has attained a record figure here. Its leng h 
closely approximates to that of the longest traffic tunnel, the Simplon tunnel, 
although there are some water supply tunnel systems (Shandaken tunnel is 27 km 
[16-8 miles] long) of an even greater total length. 

The most rapid construction rate was attained at the New Cascade tunnel in 
the United States, where the annual rate of advance was 4 km (2-5 miles). Com¬ 
paring this with the 0-9 km (0-56 miles) annual advance of the Mont Cems tunnel 
the striking development in half a century is mamtested. It will be perceived 
further that the rate of tunnelling can be accelerated to an appreciable extent not 
only by increasing the number of working faces, but also by abandoning conven¬ 
tional mining methods and by progressively introducing and perfecting modern 
free face and shield methods, which permit the large scale use of high capacity 

Outs tand i ng^ mo ng' vehicular tunnels are the recently built St Bernard and 
Mont Blanc tunnels and of the numerous subaqueous tunnels those under the 
River Mersey and under the lj River at Amsterdam. These technical achievements 
approach very closely to those of the largest railway tunnels. 

The volumes excavated for underground railway tunnels are far in excess o 
those ever attained in any of the largest vehicular tunnel projects. Thus excavation 
for the Moscow underground railw-ay system totalled4omillion m (6 million cuyd), 
with the volume for the London ‘Tube' being of the same order of magnitude. 

The most daring venture in tunnel construction will be the realization of tne 
Channel tunnel between England and France which project has been lately 
approved in principle by the two governments. 1 -It will most likely be a rai w y 
tunnel comprising three tracks, the two side tracks conveying road vehicles on 

fd As demoMtrated by the above figures the significance of tunnelling in transpor¬ 
tation and economy in general is very great and shows a tendency to increase 
Tunnels were built first in the interest of inland navigation, but the emphasis w 
soon placed on the construction of railway tunnels, w'hcreas today, tunnel con¬ 
struction is mainly concerned with highway and underground railways, as well 
as with water-supply and hydroelectric pressure or diversion tunnek and with 
public utility tunnels. The latest underground structures of ever growing imp 
tance are subterranean stores, garages, parking facilities and the various types of 
subways, underpasses and expressways. 


WBRUCKSHAW. Goguel, Harding and Malcqr: The work of the Channel Study Group 
1958 — 1960, Proc. Inst. Civ. Eng. London 1961 Febr. 
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PRELIMINARY STUDIES 

AND GENERAL DESIGN CONSIDERATIONS 

2.1. PRELIMINARY STUDIES 

2.11. ECONOMIC ANALYSIS 

The planning of every traffic route must be preceded by an economic analysis 
and no actual design can be prepared unless the construction of the route is justi¬ 
fied economically (analysis of the efficiency of investment). This is of particular 
significance in the case of tunnels, which are the most expensive civil engineering 
structures and thus their specific costs per unit length of the traffic, or transpor¬ 
tation route are many times higher than those of an open line. Consequently 
the saving in distance by the tunnel, and the volume of traffic handled by it must 
be considerable enough to result in sufficiently large savings in length and operating 
costs to offset the high specific construction costs. 

In Table 2/1 an attempt has been made to compile from available published 
data the specific costs of various tunnels belonging to different categories. Although 
dollar prices are quoted uniformly, it should be remembered during the compar¬ 
ison that the value of the dollar before World War I was three to four times as 
high as it is to-day. 

As will be perceived from the table, the cost per lineal metre of a tunnel in 
mountainous country is from about $ 1000-1500, $ 300-450 per lineal foot, 
whereas subaqueous tunnels built as a rule in loose soil by compressed air methods 
are 6-7 times as expensive. A saving of up to 30% over this latter method can 
be attained by sinking the tunnel into place (Baltimore). 

The economic analysis prior to construction must be very thorough and may 
proceed on the following lines. 

The anticipated traffic volume must be determined first, for which purpose the 
effective area of twice 12 km (7 1/2 miles) width, its population, consumption and 
industrial production.at present and for at least the next 10 years may be taken 
into consideration. This provides a basis for an estimate of the number of vehicles 
(trains, automobiles, vessels, etc.) using the route. Once these data and the operat¬ 
ing costs per unit weight and length are known together with the specific investment 
costs per unit length, the economy of construction can be determined by comparing 
various methods. 

Let B x denote the construction cost of the line involving the tunnel, expressed 
as B 1 = L a K a + L cl K D , and B 2 the construction costs of the alternative without 
a tunnel, expressed as B 2 = L vi K„, where L a , L tll and L v2 are the length of the 
tunnel, the open line leading to, and from the tunnel, and the open line of the 
alternative without a tunnel respectively, and K a and K v are the total capital 



Table 2/1 £ 

Construction Costs of Some Remarkable Tunnels 


Location 

Length 

km 

Shape 

Diameter 
or width/height 

Lining 

Rock material 

Cost dollar 
■ per lineal m 

Remark 




Railway tunnels 




Mont-Cenis 

1857-72 

12-7 

Horseshoe 

80/7-30 

Brick and 
ashlar masonry 

Volcanic rock 

910 


Simplon I. 

1895-1906 

19-8 

ft 

4-9/5-40 

Ashlar masonry 

Mixed rock 
formations 

800 


Simplon II. 1914-15 

19 8 

ft 

4-9/5-40 

>. 

»» 

400 


Lotschberg 1910-13 

146 





850 


Moffat 1924-27 

99 

ft 

7-4/4-80 

Concrete 

Limestone 

1 550 


Great Apennine 

1923-34 

186 

” 

8-70 

Ashlar 

masonry 

Marl, 

limestone 

1 200 


Mont d’Or 1912-15 

61 



>> 

Limestone 

855 



Highway-tunnels 


Pennsylvania turnpike 
1939-40 

10-6 

Semi-circle 

vault 

6-90/4-30 

R. C. 

Marl slate, 
sandstone 

1 165 


Memorial turnpike 

1954 

0-54 

ft 

7-20/4-30 

R. C. 

Sandstone 
and slate 

6 200 

Including 

ventilation 
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Holland N. Y. 

1920 27 

308 

1 circle 

6 00/3 95 

Cast iron 

| Silt mixed with 
rock debris 

9 500 
(5 200) 

Total uvernge 
Shield section 

Mersey 

1925-34 

318 

circle + 
segment 

190/5-70 

Cast iron 

Fissured 

sandstone 

11 100 

Including ventila¬ 
tion and access 
, ramps 

Lincoln N. Y. 

1934-45 

4-68 

circle 

6-45/400 

Cast iron 

Silt, mixed with 
rock debris 

10 000 

Including ventila¬ 
tion and access 
ramps 

Queens-Midtown N. Y. 
1936-41 

3-84 

>> 

(9-3) 6-3/4 0 

»» 

Rock mixed 
with debris 

10 000 

17 000 

Shield section only 

Antwerpen 1930-33 

1-74 

» 

(9-1) 6-65/41 

»» 

Clay and loam 

6 000 


Baltimore 

1954-57 

2 X 3'77 

Double 

circle 

2 X 6-60/4-20 

Steel sheet with 
R. C. lining 

Silt, sand 
and clay 

6 650 



Water Supply Tunnels 


Shandaken Catskill 
1917-27 

291 

Horseshoe 

3 08/3-45 

G unite 

Gneiss, 

limestone 

930 


Colorado aqueduct 
1935-41 


Horseshoe + 
circle 

4-80 

1-80 

Concrete 

Concrete 

Hard rock 

Hard rock 

480 

145 



Underground railways 


Mosco- 


circle 

circle 

600 

9-50 

Cast iron 

Cast iron 

Limestone 

Limestone 

15 000 Rbl 

45 000 Rbl 

Budapest 


circle 

circle 

60 

8-50 

Cast iron 

Cast iron 

Varved clay 
Varved clay 

45 000 Ft 

150 000 Ft 
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costs per lineal metre of tunnel and open line, respectively. With U 1 denoting 
the total annual operating costs of all vehicles using the tunnel route and U 2 the 
corresponding costs of vehicles using the alternative without a tunnel, the excess 
capital invested in the tunnel will be recouped after a period 

B , - B, 

l ~ U 2 -U, - 


The construction of a tunnel appears to be justified where t is smaller than a cer¬ 
tain commonly accepted amortization period, usually taken as about 10 years. 

Operating costs may be compared on the basis of considering relative virtual 
distances as well. If the highest point of the tunnel alternative is lying over one 
end point of the line, higher by the vertical distance m{ and by the vertical distance 
m{ over the other end point, and provided that the corresponding values of the 
open-line alternative are ml and ml, respectively, then the virtual distances are: 


and 


H va = H + 


1000 (m{ + ml) 
B 


1000 (ml + m'l) 
H IW = H H- — 

A* 


( 2 . 1 ) 


where H = the actual distance 

H = the specific traction resistance per mill. 

Where the open-line alternative involves a considerable number of bends, this 
must be allowed for in calculating the vertical distances, by introducing the curve 
resistance k and introducing it into the formula reduced in the ratio h\H , where 
h denotes the total length of all curves. 

Operating costs will obviously be proportional to the weight of vehicles in tons 
using the route annually (n), the virtual distance and the specific traction cost (a) 
of a vehicle for a distance of 1 km. so that we may write U = H vv a n. 

The value of n is to be determined from the preliminary traffic survey, while 
that of a includes primarily fuel consumption, track and vehicle maintenance and 
marshalling. On introducing these relationships into the formula of the period 
of refund, we obtain: 


B i - Bn 
(H, a - H vl )a n 


B ! - Bn 

1000 

n Eho k*2 — ATj 

an 

(m., + m. z — — m L ) + - — 

B 



( 2 . 2 ) 


The values of a for 1 ton and 1 km may betaken at 30-8 fillers (1-6 cents/mile) 
for railways, 182 + 23 = 205 fillers (112 cents/mile) for motor vehicles and 
9-3 fillers (0-5 cents/mile) for navigation. 
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C mparison may be effected not only on the period of refund but also on the 
ba - is of minimum annual costs of construction (capacity demand) and of operation, 
the basic relationship for which may be written in the following form: 

U mio = AB + U, (2.3) 

where A = the standard efficiency or capacity demand coefficient 
B = the first investment cost 
U = the annual operation cost. 

According to Soviet data, the value of A may vary from 0-05 to 0-10. 

The economic analysis must be extended to aspects of regional development 
and of defence as well, which may in many instances overrule those of a purely 
economic nature. 

The construction cost of short tunnels must frequently be compared with that 
of a deep-cut alternative (cf. Section 22.1). The problem arises especially in con¬ 
nection with offspur tunnels and with the entrance section (appropriate choice 
of portal location) of tunnels. The limit depth can be calculated from the for¬ 
mula: 


K b + F b (Kf + K sz ) + M+ tf b — K a + A + tf a , (2.4) 


where K b = 
K f = 

M = 

fb = 
= 

A = 

fa = 


the cost of expropriation 

the cost of excavation 

the cost of earth transportation 

the cost of supplementary structures in the cut (lined ditches, drain¬ 
age, lines and ribs, etc.) 
the annual maintenance cost of the cut 

the eventual expropriation or indemnification cost of the tunnel 
site 

the construction cost of the tunnel per lineal metre 
the annual maintenance cost of the tunnel 
the standard time of refund. 


With an assumed value for the latter the cross-sectional area F b can be obtained 
from the formula and the relationship 


F b = kh + 


o/r 
2 ’ 


where q — the slope 

k = the crest width 

yields the limit depth of the cut. 
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2.12. GEOLOGICAL SURVEY AND EXPLORATION 

The most important phase of preliminary work in tunnelling is the careful 
exploration of geological conditions. Reference has already been made to this 
in the classification of tunnels according to their location (Section 1.11) where 
it was pointed out that the geological environment decisively affects both the 
loads acting on the tunnel and the choice of the preferable tunnelling method to 
be employed. 

For this reason the engineer, who is fully aware of his responsibility, consults 
a geologist when considering the first draft plans for the tunnel, or other extensive 
underground structure. The expert, as a result of previous local experience, or 
existing geological maps, may indicate at this early stage of design certain geolog¬ 
ical formations, or stratifications which may render construction work difficult 
or even impossible. Therefore, his help may be invaluable in the selection of the 
first choices. The information gained from large-scale geological maps is of a 
general character only and no detailed picture of geological conditions can be 
obtained unless detailed soil and rock explorations are made. 

The general location of the tunnel is governed by existing traffic or transporta¬ 
tion interests, while the exact location is controlled by the geological conditions 
prevailing in the area. An important consideration in selecting the location are 
the points where the tunnel penetrates into, and emerges from the mountain, 
i.e. the location of the tunnel portals. These acting as retaining walls, are especially 
sensitive to adverse stratification which may result in a tendency to sliding. On the 
other hand they are just to be built in the most weathered, weakest surfacial 
crust (see Fig. 2/la). 

The more carefully and accurately the geological conditions of the proposed 
location and its environment are explored, the more confidently the plans of the 
tunnel can be prepared and tunnelling methods selected, i.e. essentially, the more 
rapidly and economically can the tunnel be constructed. 


Depending on geological conditions tunnels may be classified, according to Stini, into the 
following categories: 

Jfas?6’-///w/eSs {/u/r/re/s />/ mountain siffesj. Their location is usually delicate, since the rock 
in mountain sides is as a rule more decomposed (weathered), of lower strength, and may in 
the case of adverse stratification involve danger of sliding as well as that of unbalanced creep 
pressures (see later). A cover of adequate depth is of primary importance and should be 
deeper (50-60 m) in older rock, more exposed to weathering, than in fresh, solid young rock 
formations (10-30 m) from which the decomposed surface layers were removed in relatively 
recent times by glacier action. 

Tunnels in mountain bases. Their location is less affected by geological conditions, since 
the equilibrium of the mountain structure is less disturbed by driving a tunnel through the 
wide, flat formation of mountain bases. Covers of smaller thickness may also prove satis¬ 
factory. 

Offspring tunnels. These are usually adopted for shortcutting sharp bends of watercourses 
on the convex side. The general principle according to which the younger the rock the less 
weathered it is and the lower the rock pressures likely to arise, applies to these tunnels as well. 
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Tunnels under mountain spurs, or under ridges. Rock pressures will here again be controlled 
primarily by the geological structure, but the influence of surface formations will also be 
manifested Different situations will arise depending on whether the spur is penetrated at 
the ?; 0l,n g er .geological rock formations, or higher up on the mountain side 
he first case the length of the tunnel section to be driven in weathered and fractured rock 
will usually be less than in the second. 

Tunnels under offspurs constitute a special category also as far as geological conditions 
are concerned, when an extruding rock mass which is generally of higher strength and with 
greater abrasive resistance to external effects than the neighbouring rocks has to be pierced 
Tunnels under watersheds and mountain ranges. Tunnels under watersheds are constructed' 
according to Stini, under minor ridges separating two adjacent smaller river basins while 

*Zi: nd Z T Unt f" 1 T 8eS pass Under formations of major geographical significance. 

nsequently tunnels under watersheds usually connect valley throats and in the debris and 
moraine deposits accumulated there are subjected to pressures of considerable magnitude 
Tunnels under mountain ranges penetrate the rock formations necessarily in a direction 
perpendicular to the strike (see later) and thus more favourable pressure conditions may be 
anticipated. The usually great depth of cover may, on the other hand, involve difficulties 
of a different character (temperature, water, etc) 

Urban and underwater tunnels. These are built under conditions and in a geological environ¬ 
ment basically different from the previous ones. Solid rocks are only rarely encountered 
he formations to be dealt with most frequently consisting of loose rocks and soils. The difficul- 
Ues arising from the low mechanical strength of the layers are aggravated by their saturation 
with water and by the necessity to minimize surface subsidences which would be detrimental 
in densely overbuilt urban areas. In tunnels under watercourses there is an increased danger 
o over-flooding. These considerations have led to the development of special tunnel structures 

tnnn7 h ti? 8 ™ ethods - Urban veh, cular, underground railway, public utility and storage 
tunnels, both subterranean and subaqueous, belong to this category. 


The purposes of geological exploration are as follows: 

1. The determination of the origin and actual condition of rocks; 

2. The collection of hydrological data and information on underground gases 
and soil temperatures; 

3. The determination of physical, mechanical and strength properties of rocks 
along the proposed line of the tunnel; 

4. Determination of geological features which may affect the magnitude of 
rock pressures to be anticipated along the proposed locations. 

Explorations should be extended: 

1. to the investigation of the top cover 

2. to the determination of the position and quality of subsurface rock 

3. to surface drainage conditions 

4. to the position, type and volume of water and gases contained by the 
subsurface rocks 

5. to the determination of the physical properties and resistance to driving 
of the rocks encountered. 

The sequence of geological explorations referring to tunnel constructions may 
be divided into three groups: 
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(a) Investigations of a general character prior to planning, which should include 
the bibliographical and statistical survey of morphology, petrography, stratigraphy 
and hydrology of the environment. 2 - 1 This should be completed by a thorough 
field reconnaissance and by surface explorations. The field reconnaissance on foot 
where possible will amplify and crystallize previous data obtained from preceding 
bibliographical study. From aerial photographs not only much of the above data 
may be spotted, but the trained observer by'identifying the vegetative plant types 
can often draw conclusions concerning the gross chemical characteristics and thus 
the origin (igneous or sedimentary) of the underlying bedrock, not to mention 
the clearer tracing of fault outcrops, folds, etc. 

Hydrological studies involve stream drainage and spring locations, pH deter¬ 
minations. The thermal, chemical and mineralogical characteristics of local 
spring and/or surface water can contribute very valuable information relative to 
the nature of the bedrock and to its condition. 

Geochemical investigations are designed to establish a correlation between 
bedrock and topsoil. The total composition, unusual concentrations, of elements 
and their relative percentage in residual soils may be a helpful asset to assess the 
nature, extent and, within limits also the degree of decomposition of the underlying 
bedrock. 

Geophysical explorations (either electric-resistivity or seismic methods) are help¬ 
ful in the exploration of the rock-soil boundary in delineating fault and shear 
zones, igneous or ore bodies, geological structures and similar phenomena. 
However, comparative check core-borings are advisable. 

Careful study and mapping of the joint and fracture system may greatly facil¬ 
itate conclusions on and predictions concerning the gross geological structures 
at depth. 

(b) Detailed geotechnical (subsurface) investigations parallel to planning but 
prior to construction, by which an improved information should be obtained 
on the physical strength and chemical properties of rocks to be penetrated, as 
well as on their condition (weathering, fissuration, relative density, consistency). 
Information on the location and dip of layers, folds, faults, bedding planes, and 
joints, as well as on the location, quantity and chemical composition of under¬ 
ground waters associated therewith is of paramount significance. The determina¬ 
tion of gas occurrence and rise in rock temperature in both location and extent 
is similarly important. 

(c) Geological investigations should be continued during construction, not only 
in the interests of checking design data but also for ascertaining whether the driv¬ 
ing method adopted is correct or needs to be modified. For this reason, a pilot 
heading should be driven in advance of the working face to explore actual rock 
conditions and to take rock samples on which strength tests and chemical analyses 
can be performed, and occasionally for the in-situ measurement of rock stresses. 


2,1 Le Monde Souterrain Api. and Oct. 1959 
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2 21. General Geological Survey 

Geological investigations of a general nature should be extended to the geolog¬ 
ical history of the region, and to the structure and age of the various component 
rocks. The layers deposited and formed in the course of the development of the 
'- .I'th's crust have only rarely remained in their original position. Cooling of the 
earth's solid crust and the accompanying contraction, as well as continuous vol¬ 
canic action, both internal and reaching the surface, keep the deposited rock 
!a>ers in continual motion. Layers subject to compressive forces acting towards 
each other, or towards an abutment which may be considered as fixed, will undergo 
a deformation and become creased, ruffled and distorted, as a result of which 
they become folded (Fig. 2/la). According to more recent theories the formation 


Weathered rone 



H - Heavy pressure conditions 
M - Medium pressure conditions 
S - Small pressure conditions 


Fig. 2/la. Extension of the weathered zone 


of folds is not necessarily the result of lateral thrust due to tectonic effects, but 
deep seated layers may become compressed by the increasing pressures of the upper 
layers whose thickness is increased by continuous surface depositions. Under this 
compression the deep layers yield laterally and in so doing give rise to folding. 

Movement of the same kind is caused by isostasy, which term can be explained 
by the fact that the earth’s crust is composed of layers of different density which 
may be regarded as floating on the fluid magma. Owing to the fluid-like behaviour 
of the latter the layers of greater densities sink deeper than the lighter ones or, 
in keeping with the law of hydrostatic equilibrium, the latter rise to a greater 
height. Equilibrium conditions are continuously disturbed by erosion which 
causes denudation and must be compensated by continuous rises and depressions 
to satisfy isostasy. 
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The folds may assume a wide variety of shapes, such as synclines, anticlines, 
overfolds, etc. the main types of which are illustrated in Fig. 2/lb. The develop¬ 
ment of an overflow and of a subsequent fault is demonstrated in Fig. 2/2a, whereas 
the typical effects of thrust and tension on folding resp. fault-building are shown 
in Fig. 2/2b. 



Sync line (trough) Anticline (vault) 




Beds iurned pest 
verticil 


Lying folds 


Flexure 



Fig. 2/1 .b 

Main fold formation 


Movement, however, results not only in the creasing of the layers (folds), but 
also in their failure and relative displacement (cf. faults). 

A fault is developed where the continuity of layers is interrupted under the 
bending or compressive forces set up as a result of the causes mentioned above. 
The layers are broken and their ends will be displaced relatively to each other so 
that the more or less plastic deformation develops into a failure either owing to 
the brittleness of the material or to the magnitude of movement. 

Beside the magnitude of acting forces, the shape and magnitude of folds and 
faults is greatly affected by the quality of the rock. In this respect two kinds may 
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be distinguished. Some rocks are highly resistant in transmitting the acting pres¬ 
sures but owing to th'eir rigidity fail at relatively small deformations (solid rocks). 
On the other hand, some will suffer deformations at low pressures but are capable 
of large deformations without failure (pseudosolid or plastic rocks). The first 



Fig. 2/2a. Development stages of an overthrust 
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Compression 



Fractured fold 

i 



Downcast fault 

/ H§5 



Fig. 2/2b. Effect of tectonic forces in the 
building up of various geological 
formations 


group is made up of all igneous rocks, 
quartzites, sandstones and, up to cer¬ 
tain pressure limits, limestones. All 
kinds of slates, shales, mylonites and 
marls as well as gneiss and limestone 
belong to the second group. Conse¬ 
quently the rocks belonging to the first 
group are in a highly fractured, fissur¬ 
ed condition around the folds, whereas 
those of the second group may show a 
largely sound texture in the same area. 
The same applies to faults as well. 
Where the fault occurred in solid rocks, 
it is likely to be surrounded by a frac¬ 
tured zone of irregular extension, but of 
considerable width and depth. In plast¬ 
ic, or pseudosolid rocks, however, the 
fault plane may be hardly noticeable. 
Various types of faults are shown in 
Fig. 2/3. The plane along which move¬ 
ment has taken place is termed the 
fault plane, or surface. The movement 
itself may be downward, upward, or 
even lateral, as revealed by the sketch¬ 
es. For identifying a fault the most 
important problem is to determine the 
direction of movement. Inferences as to 
the latter may be derived from the fact 
that the surface of the immobile part 


remains sound and smooth as if ground off, while the moving layers are fractured 
and crushed because of friction developing between them. In fact, movement occurs 
not only along a single surface, but along a series of Sliding surfaces with de¬ 
creasing intensity, so that there is a gradual transition along a series of sub-faults. 

These latter, together with the main faults constitute the fault zone, or disloca¬ 
tion zone. The primary significance of these crushed zones, disturbed by slips, 
is that they may offer conduits for the infiltration of large volumes of water or 
sometimes gases, giving rise to excessive leakage when penetrated by a tunnel. 
Driving of headings and the construction of tunnels across the loose, crushed zone 
is only possible by using the greatest care and, in order to eliminate hazards, 
under the protection of heavy supports. The installation of supports is difficult 
owing to excessive mountain pressures. The efficiency of blasting is reduced since 
the gases escape without major resistance through the voids in the loose mass. 
All these difficulties may also occur in the vicinity of a single main fault, and 
in thin-layered, varved rocks similar conditions may also be expected. In the 
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a) 

Vertical [auk Sleep fault Flat fault 



b) 

Normal fault Reverse fault 



Fig. 2/3, Various fault 
formations 




case of joints and bedding planes water seepage and consequent slipping 
may appear. 

Inrush of water shows itself in the dislocation zones by scouring the loose debris 
into the tunnel. It continuously widens its passage until it may assume catastrophic 
proportions. 

Inclined faults are associated with non-uniform rock pressures on the tunnel 
and necessitate the construction of box sections with invert arches. They involve 
additional expense and greater hazards in construction (cf. Fig. 4/7). 

Least harmful to tunnelling are those geological formations in which the earth 
crust is broken under the action of tectonic forces into large separate blocks. 
These blocks slide along the bedding planes over each other without greatly frac¬ 
turing the adjacent masses. A formation like this affects a short section of the 
tunnel only and the difficulties can be overcome with relative ease. The joints may 
be filled with clay deposits, or may be open and convey water. Faults of this kind 
were not regarded as especially dangerous by Stini even when considerable move¬ 
ment occurred along the surfaces. Such formations are rare, however, and the 
main fault is usually accompanied by a number of minor sub-faults, similar to 
the sets of sliding surfaces. Conditions may be regarded as favourable where the 
main fault face is not extensively fractured by these sub-faults. As a rule, however, 
the dislocation surface itself becomes more or less shaly by the secondary move- 
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ment of the adjacent rock masses. The dislocation zone may, thus, vary in width 
from a few centimetres to several hundred metres. Fault zones are frequently 
accompanied by sliding layers which cause additional difficulties in tunnel con¬ 
struction. 

The degree of fissurization of a certain rock and the extension and magnitude 
of the fault zone may differ widely, depending on the rock material and on the 
magnitude of the acting forces. Brittle rocks, e.g. dolomite, quartz-shale and quartz¬ 
ite, fracture readily and over a great width, their crushing zone frequently being 
filled with sand and debris. The degree of crushing of the contacting rock surfaces 
along the sliding plane may go as far as the pulverization of the rock material, 
when the dislocation zone will become filled with a clay-like dust. The internal 
moisture content of the mountains then turns these fine-grained masses into 
a paste-like substance which increases the tendency to sliding. 

The site inspection of the tunnel region in the company of a geological expert 
may be considered part of the general geological survey. This comprises the 
observation of surface formations, tracing of past landslides, of vegetation and 
the outcrop of springs, the shape of rock blocks and other circumstances which 
may help in reconstructi ng the geological history of the region and deciding on 
its geological structure. Particular attention should be devoted to traces of earth 
crust movements. Such movements are usually indicated by surface unevenness 
in the pattern of ridges, hills and valleys. The latter are practically in continual 
movement owing to isostasy. 

Younger orogen effects are almost invariably evidenced by the landscape in the 
form of depressions, ridges, or sharp edges. These represent the weak points of 
the surface, most susceptible to infiltration, denudation, weathering and other 
effects. Under such points the rock is frequently crushed and fractured by move¬ 
ments of the earth crust, even if it is found to be solid at the surface. 


21.22. Detailed Geological Site Investigations prior to Planning 

The exact location and method of detailed soil investigations at the site prelim¬ 
inary to design will all be determined on the basis of the preliminary site- 
inspection surveys and studies previously described. 

Additional valuable information may be gained by geophysical soil investigation 
which may be performed simultaneously with the preliminary site-inspection work. 
This includes geoelectrical, seismic and dynamic soil investigations in which the 
electric resistance of various soil layers is measured, or the changes in the velocity 
or propagation of explosion or oscillatory shock waves are observed. From these 
measurements conclusions may be drawn concerning the position and variation 
of soil and rock layers, as well as of the contained water layers. With these 
methods large areas can be explored in a relatively short time and the reconstruc¬ 
tion of the general geological pattern is greatly facilitated. Actual soil and rock 
investigations, comprising exploratory borings, shafts and drifts can then be com- 
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menced. Of these, the results obtained by exploratory borings are likely to be the 
least accurate, primarily because dry boring methods are hardly applicable (owing 
to their restricted depth range) and thus in the majority of cases wash boring must 
be resorted to which is not well suited for sampling. 

The methods to be taken into consideration are: 

1. percussion boring 

2. rotary-percussion boring 

3. rotary boring (Craelius method). 

The first two methods are used for moderate depths and in loose sediments, 
while the third is used at greater depths and in solid rock. 

The depth of dry borings is limited to 100-150 m by the necessity of sampling. 
This depth is most frequently insufficient for tunnelling purposes. In these boring 
methods the rock is smashed and mixed, so that from greater depths no represen¬ 
tative samples showing the strength or bedding and dip orientation of the rock 
can be taken and no information on changes, bedding and water content of the 
layers can be gained. The most useful results may be obtained by core drilling, 
but reliable cores can be extracted only from solid rocks. (The orientation of the 
sample, i.e. indication of the side facing North is very important.) Special 
television cameras have been developed recently (Grundig-Fernauge) for inspecting 
the orierttation and original condition of the rock layers in the boreholes. 2 - u 
In France instruments have been devised for measuring rock stresses and thus, 
indirectly, rock pressures within the borehole (cf. Section 21.33). 

A borehole spacing of 300-500 m is usually sufficient for preparing preliminary 
designs, but for working plans boreholes should be spaced no wider than 50-100 m. 
A dense network of boreholes is required in geologically disturbed regions and 
where a great deal of variation in tunnelling conditions may be anticipated. This 
is especially true for the design of underground railway tunnels. In such cases, 
especially where compressed-air methods are likely to become necessary, the 
boreholes should be located at a lateral distance of 10-15 m off the contemplated 
tunnel axis. These should be carefully backfilled, or even concreted after explora¬ 
tion in order to prevent water seepage from the upper water-bearing layers into 
the tunnel and later the escape through these boreholes of the compressed air 
necessary to keep water away from the working-face of the tunnel. 

The boreholes are seldom deeper than 100-150 m. In exceptional cases, e.g. 
at the Great Apennine tunnel between Bologna and Florence, there were seven 
exploratory boreholes of 390 m depth. In the interest of satisfactory exploration 
the boreholes should, in principle, be sunk at least 20-50 m deeper than the con¬ 
templated tunnel bottom. Information on the stratification of soil under the tunnel 
is desirable for drainage design and for the control of the proper location of the 


2,2 Muller, L.: Optische Sondierung im Festgestein, Vortrdge der Baugrundtagung in 
Hamburg 1958 
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tunnel and not so much for safety against excessive settlements or overloadings. 
In fact a favourable permeable layer underneath the tunnel may offer advanta¬ 
geous possibilities for drainage. 


21.23. Site Exploration during Design 

Boreholes spaced several hundred metres apart yield information for preliminary 
design only, but are insufficient for preparing working.plans, so that intermediate 
ones must be inserted as planning proceeds. Designs must be based on accurate 
information about the physical, strength, and chemical properties of the rock 
layers to be penetrated and on hydraulic, gas and temperature conditions prevail¬ 
ing in them. The data obtainable by boreholes are, however, usually insufficiently 
accurate for this purpose (cf. Section 21.3). 

A far higher degree of reliability can be attained by exploration shafts. These 
are usually vertical, but inclined shafts may also be used exceptionally. The shafts 
should be located in a manner to permit their subsequent use for constructional 
and later for operational purposes. During construction they may be used for 
material transportation and for starting intermediate faces, and during operation 
for ventilation and drainage purposes. It is obvious that exploratory shafts permit 
the direct inspection of bedding and dip conditions as well as the thickness of 
layers. Furthermore, the physical and strength properties of the materials can be 
determined with great accuracy by tests on samples taken. They yield reliable 
information on the position of permeable layers, on the presence and character 
of water passages, as well as on physical and chemical properties. 

Laboratory experiments and tests from which physiological effects of water 
and gases can be estimated should also be carried out during the design stage. 

The drawbacks of exploration by shafts are of an economic character only, 
as they are considerably more expensive than boreholes and cannot be sunk to 
greater depths unless built with a large diameter and a solid lining corresponding 
to the ultimate purpose to be served. The depth of shafts braced with relatively 
cheap timbering is very limited and in loose soils can extend only to the ground- 
water table. Even in solid rocks their attainable depths are insignificant in com¬ 
parison with the location of the tunnel. Temporary exploration shafts are usually 
built with cross-sectional dimensions ranging from about 3 m by 1'5 m to 3 m 
by 2 m, while permanent shafts are, as a rule, circular in cross-section with dia¬ 
meters ranging from 3-6 m, depending on their ultimate purpose. 

Shafts afford a possibility for the more accurate measurement of rock stresses 
and thus indirectly of rock pressures as well (cf. Section 21.33). The main draw¬ 
backs of exploration with shafts is that because of the expense involved they are 
spaced at greater distances and consequently changes over the intermediate section 
may be overlooked by this exploration where soil conditions, stratification and 
hydraulic conditions are not uniform which, in turn, may lead to unpleasant 
surprises during construction. 
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21.24. In situ Exploration during Construction 

Horizontal pilot headings are used to explore the section between individual 
shafts. As a rule they are not driven in the design stage but during construction, 
a' integral parts of the particular tunnelling method adopted. Exploration drifts 
in the real sense of the word, i.e. for exploration purposes only and driven before 
tunnelling proper commences, are not resorted to unless the particular section 
appears to be especially dangerous, or where a great deal of uncertainty exists. 
The usual practice is to drive exploratory headings immediately prior to construc¬ 
tion. or rather elements of the Construction method and advanced always a few 
100 metres ahead of the face. At any rate it is desirable for these drifts to be 
incorporated into the permanent tunnel system. While drifts serving purely 
exploratory purposes and lying outside the tunnel section may be utilized as 
lateral drainage, or ventilation ducts, the pilot headings which later become an 
integral part of the tunnel section not only direct tunnel driving but may be 
used for removing the soil excavated from the section, for the transportation 
of lining and supporting material, for drainage and for the accommodation 
of service conduits, etc. (cf. Section 62.11). 

Very little can be done, of course, in adopting another tracing if the pilot 
heading reveals, e.g. adverse stratification, a crushed fault zone, or major under¬ 
ground water flow. The information gained is much more useful for taking pre¬ 
cautions against construction hazards to be encountered, and for making minor 
deviations from the contemplated line in order to avoid them. On the other hand, 
pilot headings afford the most reliable data on the strength, stratification, water¬ 
bearing joints, fissures of the rocks to be penetrated and give timely warning where 
a change in the contemplated method or structure is necessary. 

Exploratory headings are the most accurate means for determining geological 
conditions in tunnelling and supply the most reliable data on the fundamental 
design problems such as rock properties, hydraulic and gas conditions, as well 
as on expectable rock pressures. Rock pressure measurements can be performed 
most readily in the headings and thus even the inaccuracy caused by the difference 
between the strength observed on laboratory samples' and within the mountain 
itself - which is often considerable - can be eliminated. 

According to Stini the following rock properties should be of particular interest during 
the geological investigation: 

1. The orientation of rock stratification (whether horizontal, sheet-like, moderately inclin¬ 
ed, steeply sloping, reserved, overfold, etc.); 

2. The thickness of individual layers, the regularity of sequence of rock layers, or changes 
in mountain types; 

3. Mineralogical compostition (detrimental components); 

4. The crystal structure of rocks (uniformly grained, porphyric, etc.); 

5. The bonds between the individual grains (strong, weak, direct, indirect); 

6. The hardness, workability (drilling, blasting, etc.) of rocks; 

7. The structural form of rocks (massive, stratified, shaly, etc.); 

8. Internal structure (whether solid, or porous, with closed, or open voids). 
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9. Deformations suffered during the orogen process (cleavages, crushed zones, faults), 
or other effects (weathering, mylonitization, kaolinization, etc.); 

10. The probable bearing and tensile strength of the mountain (not rock!) at various tunnel- 
sections; 

11. The stability of the mountain; the character and magnitude of probable rock pressure. 

12. The bulk densities and dead weights of component rocks; 

13. The anticipated durability of various rock types to be penetrated, the length of entrance 
sections to be lined with regard to the danger of frost effects; 

14. The depth and composition of cover above each point of the tunnel and separately 
for each rock constituent; 

15. Temperature conditions within the mountain; 

16. Hydraulic conditions at the construction site and its wider environment. Springs and 
watercourses in the vicinity should be observed continuously for years starting from 
the preliminary inspection in order to obtain evidence concerning both draw-off and 
inflow. The water should be tested also for harmful constituents; 

17. The possibility of the occurrence of harmful gases; 

18. The susceptibility of structures to earthquakes and artificial vibrations; 

19. Surface formations; 

20. Safety against air escape in anticipation of compressed air operation; 

21. Hazards to structures and especially of entrance portals by forces of Nature (e.g. slides, 
rock falls, avalanches, mountain-slides, slumping, etc.). 


The fundamental objective of geological surveys, reconnaissance, borings, 
exploratory shafts and investigations is to obtain as clear a picture as possible of 
the geological structure of the mountain, or river bed, as is required for selecting 
the most favourable location and construction method for the tunnel. 


2.13. TYPICAL GEOLOGICAL FACTORS AND THEIR EFFECT 
ON TUNNELLING 


21.31. The Situation and Orientation of Layers to be Penetrated 

The effect of mountain structure on tunnelling is quite obvious. Tunnel con¬ 
struction is simplified, accelerated and made cheaper by the uniformity of rock 
and the greater the variation of layers, the more involved, expensive and time 
consuming the tunnelling methods will be. Mountain formations, devoid of strati¬ 
fication are much more favourable for tunnelling than mountains composed of 
several layers, or shales, or granular masses of varying degrees of solidification. 

The adverse effects of stratification and shaling are the more pronounced, the 
better defined and the thinner the individual layers are. The direction (strike) and 
dip of the layers are of paramount importance. 

The location of the layers in space can be described in terms of strike and dip. 
Strike may be defined as the direction of the horizontal extension of the layer, 
i.e. the direction of the horizontal straight line which can be drawn on the layer. 
The dip is the inclination of the layers and is perpendicular to the strike. The 
straight line of intersection of the layers with the horizontal plane is the strike. 
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Fig. 2/4. Schematic representation 
of strike and dip 


For complete information on the spatial position of the layers the angle of dip, i.e. 
the angle of inclination of the layer with the horizontal must also be determined, 
since a knowledge of the strike alone does not yield positive information on the 
direction of the dip, but the strike is completely defined by the dip (Fig. 2/4). 
In strata that are simply tilted both 

dip and strike are relatively constant < /%/■. 

over wide distances, but in folded beds - \ t Mm.v- 

variations from both the regional dip 

and regional strike are numerous. / M/\'i 

In the selection of the location and /j ~ 'Fy/ 

depth of the tunnel axis its position / Strike e ^ 

relative to the stratification should be / j / f 

thoroughly studied. y 

Where the tunnel axis is perpendic- /Tv Fgy/MhkF'ryyi ffly 

ular to the strike of a steeply dipping / /{y 

rock stratum (similar to a cross drift, _ ... „ . 

Fig. 2/5a), the excavation of the tunnel of strike and dip 

is likely to succeed under favourable 
rock pressure conditions. However, 

where the tunnel axis is parallel to a ) 

the strike (Fig. 2/5b) higher rock 
pressures may be expected to occur. 

In general, steeply dipping strata 
facilitate the penetration of the weath¬ 
ering action of atmospheric effects 
into the interior of the mountain, pro¬ 
ducing a loose crust of increased Tunnels running parallel with the strike 
thickness. Otherwise steeply dipping, 

or even vertical layers may be ad- 5 ) 

vantageous as far as strength condi- m | 

tions are concerned. When driving the M'/ 

tunnel perpendicular to the stratifica- '/£/■ 

tion (i.e. to the strikes) each individ- ,,^ ar/rrii. 
ual stratum must act as a girder 

with a span equal to the width of the wF/' 

cross-section, and with a considerable _ . , . ,, . , , . 

depth (Fig. 2/6a). The only disadvan- Tunne,S ™ n 0 at r '9 ht 3n S ,es to st ^ e 

tage of such stratification is the gen- Fig - 2 / 5 - Location of tunnels relative 

erally poor efficiency of blasting t0 the str ‘* <e 

operations. 

When, on the other hand, the tunnel axis is parallel to the strikes and 
bedding planes of the vertical strata (Fig. 2/6b), bridge action is limited to the 
extent until the shear strength (due to friction and cohesion between adjacent 
layers) is fully mobilized, while the inherent bending strength of the layer is 

5 Szechy: The Art of Tunnelling 



WAmm 


i 'Mm 


Tunnels running parallel with the strike 


Tunnels running at right angles to strike 

Fig. 2/5. Location of tunnels relative 
to the strike 
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Fig. 2/6. Tunnel location in relation to various 
stratifications 


not utilized unless an appro¬ 
priate span is developed in 
the longitudinal axis of the 
tunnel. 

Horizontal stratification, 
with relatively thick layers, is 
advantageous for the driving 
of small drifts or passages, 
since the thick layer can 
safely overbridge the small 
span by acting as a beam 
(Fig. 2/7a). 

Wide underground cavities, 
on the other hand, cannot be 
overbridged by thin layers (cf. 
Figs 2/7b and 2/7c) especially 
if the layers are fissured (Figs 
2/7d, e). Under such condi¬ 
tions a pointed arch-roof may 
be advantageous (Fig. 2/7<$. 

This type of stratification is 
even more dangerous where 
the fissured strata dip at about 
5 to 10 degrees, as in this case 
the roof may spall off in the 
form of blocks as the heading 
is driven forward (Fig. 2/7e). 
The more steeply the strata are 
inclined, the greater mutual 
support will develop between 
them. 

* Should the tunnel axis fol¬ 
low the strike of horizontal 
or only slightly dipping strata 
it must be located at a depth 
where solid and impervious 
rocks are encountered over 
the entire length and a suffi¬ 
ciently thick cover of this stra¬ 
tum should be left to support 
the overlying waterlogged and 
loose burden and to prevent 
any breaking off into the 
tunnel. 
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The folding of strata gives rise to pressure on the core and tension in the crown. 
Anticline and syncline folds are of special significance in tunnel driving. 

Both terms denote a wave-like fold, but whereas a syncline is the trough of 
Ihe A.ive, the crest is called the anticline. If circumstances necessitate that tunnels 
f the strike, they should always be located in the anticline, since on passing 
through the crest of the fold they will then be subject to lower pressures. In the 

a ) b) 



Syncline 



tunnel 


Fig. 2/8. Location of tunnels in 
syncline and anticline 
formations 
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syncline, however, they would be exposed to overpressure from both sides and in 
addition the accumulation of water there would increase the danger of inrushes, 
in the anticline the water would tend rather to seep away from the tunnel (Fig. 2/8). 

For tunnels running perpendicular to the strike uniform pressure conditions 
will also be slightly disturbed - although over a rather considerable length - 
both in synclines, and in anticlines. In anticlines the entrance sections of the tunnel 
will be subjected to higher pressures and the central portions to lower ones, 
whereas in tunnels in longitudinal synclines the pressure conditions will be reversed 
(Fig. 2/9a, b). 



Fig. 2/9. Variation of pressures in syncline and anticline formation 
when alignment is normal to strike 


Not only the dip and strike but also the sequence of layers plays an important 
role in tunnelling. Uniform stratification will usually afford easy conditions both 
for driving and for constructing the final tunnel section, whereas serious diffi¬ 
culties are likely to be encountered where strata are highly variable. Instead of 
a continuous type of lining a system composed of adjoining rings should be 
adopted in this case. 

Tunnels being extremely susceptible to earthquake damage, particular care 
should be devoted during geological investigation to ascertain that the tunnel 
should not be located in an earthquake zone. According to observations made 
in mining the effect of seismic waves are much less perceptible in solid rocks 
than in loose, unconsolidated layers. 

In conclusion the purpose of geological investigation is essentially to provide 
advance information on pressures likely to act on the tunnel, on conditions to 
be expected during driving, i.e. on rock pressures, rock strength, excavation prop¬ 
erties, water pressures, and volumes and temperature conditions in the interior 
of the mountain. 

21.32. Condition of Strata to be Perforated 

The determination of the condition of rocks along the tunnel axis is one of 
the primary tasks of geological investigation. Investigations should be extended 
to the possible physical, chemical or biological action to which the rocks may 
have been exposed during their geological history and which may have influenced 
their strength to a certain extent and in a certain location. 
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In order to explain the phenomena involved let us consider first the chemical 
effects which may cause changes in the condition of the rock. The principal agent 
bringing about these changes is always water whose activity may be increased by 
dissolved chemical agents, gases and by temperature conditions. In fact, water 
seeping into the rock is never chemically pure although many of the rock consti- 
tuents. e.g. feldspar, react even with chemically pure water. The main passages 
of infiltration are naturally the fissures and faults through which water can gain 
access to the mineral constituents of rock. Incidentally, water may be surface pre- 
cipitation water inducing chemical weathering, or thermal water emerging 
fr< m greater depths, which may produce changes referred to as hydrothermal 
effects. 

Precipitation water infiltrating from the surface has a double effect, as chemically 
unstable rock components such as feldspar, are decomposed and the water-soluble 
„ mponents, together with the decomposition products are leached away. As a 
result of these processes the surface of otherwise sound rocks is completely envel- 
ped by a more or less weathered layer, resembling the rust on steel. The top soil 
. .ering the external layers may be regarded as the end product of the weathering 
process. The thickness of the weathered zone depends on climate (it is greater 
in warm climates) and on the geological factors shaping the earth surface. The 
measure of progress in weathering is the quantity of components (CaC0 3 , SiO a , 
A! .0 3 , Fe.,0 3 ) soluble in low concentration acids. 

In water-soluble rocks, e.g. limestone and dolomite, initial fissures may develop 
into regular passages and eventually into a network of coherent watercourses 
and cave systems (see hydrological exploration). Deposits consisting of reddish 
clay and limestone debris are often encountered in these cavities. Dolomite is 
m -ch less soluble in water than calcite, which frequently may be dissolved and 
leached away, leaving behind only the dolomite crystals from a mixed rock. These 
cr>stals disintegrate on blasting into a mass of sharp-grained sand particles com¬ 
pletely devoid of cohesion. 

The decay of plastic and metamorphic rocks depends entirely on their original 
constituents and minerals. Sometimes it is only the cementing agent which is 
eathered, but eventually the mineral constituents may also decay. Rock compo¬ 
nents containing feldspar may alter into clay; quartzite is insoluble, while marble 
is subject to solution only. Metamorphic rocks in the stage of weathering constitute 
the group of expansive rocks (cf. Section 31.3). 

In igneous rocks it is again the constituent feldspar, the chemical weathering 
of which may reduce these rocks to clay. The prerequisite for this alteration is 
again an abundant access of water. Consequently, veins of clay are likely to occur 
mainly in the vicinity of fissures. In granite this is due primarily to hydrothermal 
effects. A special weathering process of diabase is the transformation of its olivine 
content into serpentine whose expansion exerts a disruptive effect on the rock. 

The first sign of chemical weathering of rock is a dull (dead) and locally tar- 
rished surface, accompanied by a heavy response to striking. Once subjected 
»o pressure such rocks disintegrate rapidly before any appreciable deformation 
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can be observed. The places of occurrence are usually coincident with those of 
mechanical deficiencies, i.e. fissures and faults, and are usually close to the sur¬ 
face. In other words, the portal areas are likely to be most affected. The.thickness 
of the weathered outer layer may range from a few centipietres to 20-30 metres, 
and is difficult to predict owing to the large number qf incalculable factors. 

The place and extension of decomposition due to hydrothermal reactions are 
most difficult to predict. Sometimes the sound, solid rock, e.g. granite, encountered 
in the vicinity of the portals may show signs of hydrothermal decomposition with 
increased inward penetration. 

Weathering, naturally, has a great influence on the kind and magnitude of rock 
pressures and, thus, on the selection of the tunnelling method as well. 


21.33. Stress, Strength and Deformation Properties of Rocks 

The stress conditions in rocks are basically different from those prevailing in 
soils or in younger sediments. Whereas in soils vertical stresses predominate 
and can be related directly to the weight of the overlying layers, and lateral pres¬ 
sures are lower in accordance with Poisson’s ratio, in rocks the original pressure 
conditions are of a hydrostatic character brought about by both hydraulic and 
tectonic agents. Stratification, on the other hand, results in the development of 
inclined stresses. As can be concluded further from the highly variable fissure 
pattern in rocks, the direction of pressures are also highly variable during the 
development of folds. However, the rock movements still taking place up to the 
present day indicate a trend towards the gradual correction of existing irregulari¬ 
ties and the creation of an ideal state of equilibrium in which the shear is of zero 
magnitude. Heim’s theory (cf. Section 32.3), according to which the pressure 
around any point in the interior of the rock is the same in all directions and of 
a magnitude corresponding to the weight of the overburden, may be regarded 
as giving a close approximation to actual conditions in rocks at great depths. 
The development of such a similar distribution of stresses is hardly conceivable 
unless purely mechanical pressures are combined with thermal effects, or when 
other agents contribute to bringing the rock to a plastic state (e.g. the pseudo¬ 
solid character of such rocks as gneiss, marl, slates, etc.). The usual depths in 
tunnelling are too small for the occurrence of a similar stress distribution and 
inevitably there will be a difference between the magnitude of vertical and hori¬ 
zontal stresses resulting in shear stresses. As indicated by stress observations at 
different places, the largest stresses are not vertical and cannot always be related 
to the depth of cover. Evidence points rather to the influence of mountain building 
(orogen) pressures, i.e. stresses depend on local tectonic conditions. 

Deformation properties of rocks cannot be investigated, in general, according 
to the simplifying assumptions commonly used for metals. Rock deformations 
cannot be described by a single parameter. The main reason for this is their 
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inisotropy; in addition, their deformations depend on the magnitude and duration 
of the acting force (rheology). Their heterogeneity is responsible for their strength 
properties and stresses being non-uniformly distributed. A typical stress-strain- 
time diagram of rocks is shown in Fig. 2/10. As will be seen plasticity plays an 



important role in deformation and the elastic phase is preceded by the compaction 
phase characterized by the progressive failure of minute internal particles and 
bonds to resist the reduction of porosity and by the start of loss of water from 
the pores (cf. Fig. 2/12). Full reversibility does not exist even in the elastic phase, 
i.e. the original deformation condition is not restored after complete release of 
stress. (Perfect elasticity is even impossible theoretically unless the load increase 
is effected at zero velocity, as otherwise part of the kinetic energy absorbed by 
the molecules during deformation would be transformed into heat.) 

Non-elastic deformation incurs the transformation of rock by internal modi¬ 
fication of its structure or shape by kneading, or crushing. This also may be rever¬ 
sible or irreversible. Irreversible, i.e. permanent deformation may again be instan¬ 
taneous (e.g, within 1 hour), or slow. In the case of rocks the slowness of defor¬ 
mation plays an important role and may extend over months or even years. 
Finally, as already mentioned, deformations may be accompanied by volume 
changes, or less frequently by external changes in shape only. Elastic deformations 
entail changes in volume, whereas plastic ones (the relative sliding of the planes 
of the crystal grid, the rupture planes) usually occur at constant volume. As seen 
from Fig. 2/10 the significance of the elastic phase of the stress-strain curve of 
rocks does not predominate, all phases being of equal importance. The typical 
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stress-strain curves under repeated loading cycles are indicated in Fig. 2/11, 
which shows that the three main phases persist and even the slope of the elastic 
phase remains unchanged. It can also be seen, however, that different deformation 
coefficients (Young’s moduli) pertain to each of the phases. The value of this 
coefficient also depends within the compaction and plastic phases on the magnitude 

of the acting load. Also, the 
value of Poisson’s ratio (j£) 
characteristic of lateral defor¬ 
mation, varies according to 
the type of deformation. Its 
value is usually small, e.g. 
for hard and solid rocks it is 
within the elastic phase 0T5. 
It continues to have a moder¬ 
ate value in the compaction 
phase also but increases in 
the neighbourhood of failure 
to about 0-30. In the case of 
deformations at constant vol¬ 
ume a value of n = 0-5 will 
be obtained. 

The phase of elastic deformation is followed by the plastic, or residual defor¬ 
mation, phase. Depending on the quality of rock this phase may result in a failure 
or plastic deformation. The deformation process may thus extend over periods 
of different lengths in rocks with different properties. 

Slow deformation is a feature of rocks similar to the creep of concrete and, 
as will be seen, plays an important role, e.g. in the development of genuine moun¬ 
tain pressures (cf. Section 31.2). 

Deformation can be measured accurately either on test specimens, or in cavities 
excavated at the site, but the values observed cannot be used for the calculation 
of stresses unless the modulus of elasticity is also known. Therefore, the most 
accurate knowledge possible of the modulus of elasticity of the rock is essential 
for estimating the forces acting on the tunnel and for dimensioning the lining. 

Recently, extensive research has been carried out in this subject especially in 
France where the value of E has been determined from strains observed under 
loading tests performed in situ using hydraulic jacks, on the basis of the funda¬ 
mental relationships of elasticity theory (Habib 23 ). 

On the basis of these sets of experimental observations rock types have been 
classified by Delarue and Mariotti 2 -' into the following main groups. 



Dg. 2/11. Typical rock deformation curves under 
repeated loading 


2-3 Habib, M. P.: Determination du module d’elasticite des roches en place, Annales de 
I. T. B. T. F. 1950 Sept. 

2-1 Delarue and Mariotti: Quelques problemes de mecanique des sols au Maroc, Annales 
/. T. B. T. P. 1950 Sept. 
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(a) Hard and solid rocks which may be regarded as behaving approximately 
like elastic materials. 

(b) Fissured, massy rocks, suffering considerable deformations (compaction) 

at first loading, but which display a more or less elastic behaviour when loaded 
repeatedly. In this latter condition their £-value is considerably higher than under 
the first load. i 

(c) Soft rocks, the internal structure of which is destroyed beyond a certain 
limit load, and which afterwards suffer a residual deformation of increasing mag¬ 
nitude under each successive loading cycle. 

Typical stress-strain curves are shown for each type in Fig. 2/12. These curves 
indicate that the characteristic feature of hard and solid rocks (quartzite, quartz, 
sandstone and solid shales) is that their shape remains fairly constant under repeated 
loading (it represents, essentially, a linear function and thus E remains constant; 
Fig. 2,/12a). A further observation is that the value of E is higher when the load 
acts in a direction perpendicular to the stratification, than under loads parallel to it. 

In the case of fissured rock an appreciable compaction phase can always be 
observed first, which is reflected by the upward concave trend of the successive 
loading loops. This may also be interpreted as a sign of the closure of the fissures, 
rather than of the compaction of the rock mass. Beyond this phase the chords 
which can be drawn in the hysteresis loops of successive loading cycles do not 
differ appreciably from one another, and the curves may be regarded essentially 
as straight lines (Fig. 2/12b). A further observation made during repeated loading 



Fig. 2/12. Typical load 

deformation diagrams of various rock types under repeated loading 
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tests is that the rock does not resume its original loose condition upon removal 
of the load, but retains, to a certain extent, the increased modulus of elasticity 
produced by the closure of fissures. 

The deformations of soft rocks, irrespective of whether they are caused by 
compaction or sudden failure, are irreversible. Therefore, their deformation curves 
display a downward concave trend (Fig. 2/12c). 

Accordingly, Delarue and Mariotti suggest the use in computations of a single 
value for the modulus of elasticity for hard rocks, or for fissured rocks where 
lateral yield can be prevented, e.g. by suitable grouting. In soft rocks, on the 
other hand, where deformations are small up to a certain load limit but increase 
rapidly thereafter, different moduli of elasticity, corresponding to the average 
slope of the tangents over these two phases should be assumed in accordance 
with the magnitude of the acting load. 

It should be remembered that where the modulus of elasticity is determined 
from in situ loading tests the value obtained under the first test load is not charac¬ 
teristic for the sound rock, as the rock at the surface is necessarily fissured and 
loosened owing to the redistribution of stresses inevitably taking place during 
the excavation of the cavity, and so it is bound to suffer larger deformations. 
In such cases the mean value of the strains observed during the first and last 
series of load cycles should preferably be used. 

It was also found that the modulus of elasticity can be considerably increased 
by grouting the fissures and voids (Bernhard). Furthermore, the modulus of elastic¬ 
ity measured perpendicular to the stratification (bedding planes) and to the 
fissuration was always higher than that obtained in a direction parallel to it. 

The value of E can be determined experimentally, e.g. by a diametrical load 
test in which a circular plate loading is pressed by a hydraulic jack against the 
tunnel wall and the compression 5 of the rock is observed. For this case, according 
to Boussinesq: 

,4 P l-/i 2 
kD E ’ 

from which 

(2 - 51 

where P — the resultant of the uniformly distributed load acting on the circular 
plate with diameter D 
H = Poisson’s ratio. 

If, on the other hand, uniformly distributed water or air pressure of intensity 
p is applied in a circular tunnel and the elongation <5 of the diameter is measured, 
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(With a knowledge of E this latter method can also be used for the determination 
of the rock pressure pi) 

The value obtained with a loading with a hydraulic jack is always higher than 
that obtained under a load which is uniformly distributed along the perimeter. 
The closest agreement between the two values will always be obtained in solid 
rocks. 

The failure of rocks may be broadly classified into three main groups which 
are, in the order of frequency of occurrence: 

(a) Transformation and displacement' due to mechanical sliding occurs where 
the stresses developing on the exist¬ 
ing fissure planes exceed the passive sj 

frictional forces. 


(b) Brittle failures comprise those 
resulting from the exhaustion of 
internal intermolecular bonds. In 
the case of such failures the re¬ 
sidual deformation is practically 
zero. 

(c) Plastic failures include all 
types of failures taking place with¬ 



out a volume change and the ex¬ 
haustion of intermolecular cohesive 


bonds (flow, creep, plastic slidings, 
etc.), which are all accompanied by 
a theoretically infinitely large defor¬ 
mation. 

In practice the three failure types 
set in simultaneously, but their rela¬ 
tive importance in any particular 
case is a function of the heteroge¬ 
neity of the rock. 

Brittle failures set in without any 
appreciable residual deformation, 
provided that the load is applied 
suddenly. The strength under con¬ 
tinuous loading may be 40% lower 
than this, since in this case the sep¬ 
aration of internal components 
owing to plastic deformation tends 
to become the predominant factor. 
Eventually failure may be governed 
by the following three factors: 


Tension Compression 



C) 



1. The highest (dominant) stress (uniaxial normal stress); 
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Main Physical and Structural Characteristics of Some Rocks 


Rock 

Dry density 

(t/m 3 ) 

Water 
absorption 
(% of 
weight) 

Crushing 
strength in dry 
condition 
(kg/cm*) 

Tensile 

strength 

(kg/cm 2 ) 

Bending 

strength 

(kg/cm 1 ) 

Shearing 

strength 

(kg/cm s ) 

Batholites 

Granite, granodiorit 

2-50-2-75 

0-1-2 

1200-2800 

40-70 

100-200 

50-80 

Gabbro 

2-92-3 05 

2-5 

1500-2000 

50-80 

100-220 

40-85 


Extrusive: 


Riolite 

2-45-2-60 

0-4-4 

800-1600 

50-90 

100-220 

40-110 

Fonolite 

2-54-2-66 

0-5-1-2 

1500-3400 

60-110 

110-230 

40-120 

Dacit 

2-50-2-75 

0-5-5 

800-1600 

30-80 

90-200 

30-100 

Andesite 

2-30-2-75 

0-2-8 

400-3200 

50-110 

130-250 

50-120 

Basalt 

2-75-3-00 

0-2-1-5 

800-4200 

60-120 

140-260 

50-130 

Diabas 

2-90-3-10 

03-0-7 

1200-2500 

60-130 

120-260 

60-100 

Volcanic tuff 

1-30-2-20 

8-35 

50-600 

5-45 

30-80 

10-40 


Sedimentary 


Sandstone 

2-10-2-50 

1-8 

100-1200 

15-60 

40-160 

2CC60 

Coarse grained 
limestone 

2-60-2-85 

01-0-8 

500-2000 

40-70 

50-150 

30-70 

Coarse grained 
limestone 

1-55-2-30 

2-16 

40-600 

10-35 

25-70 

15-35 

Fresh-water 

limestone 

1-55-2-50 

1-5-6 

400-2000 

15-50 

30-90 

20-50 

Dolomite 

2-20-2-70 

0-2-4 

150-1200 

25-60 

40-160 

25-70 

Clay-shale 

2-45-2-72 

0-2-0-4 

- 

- 

200-300 



Metamorphic 


Marble 

2-65-2-75 

0-1-0-5 

500-1800 

50-80 

80-120 

35-80 

Gneiss 

2-60-2-78 

1-5 

800-2500 

40-70 

80-200 

30-70 


Remark, see Mosonyi, E. and Papp, F. (1959): Muszaki foldtdn, (Engineering geology) pp. 122 and Legget R. F.: 
Geolopy and Energineering, McGraw Hill, New York 
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Table 2/II 


Impact 

Abrasive Young s 

Poisson's 

Heat con- 1 Specific 


resistance 

resistance | modulus 

number 

ductivity electrical 

Freezing 


E 1000 


resistance 

resistance 

(kgcm/cm 2 ) 

(cm s /cm*) j (kg/cm 2 ) 

(m = l//i) 

(kcal/h °C) (ohm Xcm) 



110-160 

5-7 

300-700 

5-8 

2-7-35 

10'-10 e 

Highly resistive 

110-240 

7-8 

600-1000 

5-8 

2-7-4T 

10 5 -10 6 

Resistive 


120-150 

5-10 

100-200 

5-10 

1-8-3-0 

10*-10 5 

Resistive 

140-300 

4-7 

100-250 

5-9 

1-2-2-5 

10 4 -10 5 

Resistive 

120-160 

5-10 

80-180 

5-11 

1-2-2-4 

10M0 5 

Resistive 

130 190 

4-10 

120 350 

5-9 

11-2-5 

10M0 6 

Generally resistive 

150-290 

3-8 

200-1000 

5-7 

1-1-2-5 

10 4 -10 6 

Highly resistive 

140-290 

4-8 

300-900 

5-8 

1-0-2-8 

10 3 -10 G 

Resistive 

- 

- 

- 

5-10 

| 05-10 

10 3 -10« 

Variable 


30-120 

8-14 

150-170 

8-15 

11-1-6 

10 7 -10 s 

Generally resistive 

70-120 

15-40 

500-800 

5-10 

1-5-2-8 

10M0 8 

Resistive 

— 

— 

— 

8- 

0-5-10 

10M0 6 

Variable 

— 

— 

— 

8-15 

0-7-1-9 

10 3 -10 5 

Resistive 

60-110 

20-35 

200-300 

5-12 

1-3-2-7 

10 6 -10 7 

Generally resistive 

- 

_ 

- 

- 

0-6-11 

- 

Resistive 


80-130 

10-37 

600-900 

5-9 

1-8-30 

10* 

Variable 

— 

5-30 

250-600 

5-11 

1-7-3-5 

10 4 -10 3 

Resistive 
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2. The difference between the maximum and minimum principal stresses 
(complex stress); 

3. A certain amount of potential energy of the deformation. 

The first case is an exception in the case of rocks, occasionally occurring with 
test specimens. 

The second case is conceivable in isotropic rocks only, and can be described 
by the Caquot envelope curve of the Mohr circles representing the smallest and 
largest principal stresses (Fig. 2/13). The shape of these curves depends on the 
rigidity of the particular material. For instance, the pure tensile strength a' 3 of 
concrete is only about one-tenth of the pure compression strength <r 3 . As a con¬ 
sequence of this the elemenatry surface ATB comes to lie very close to the apex 
of the curve and the angle /? included by the two sliding planes developing in 
tension approaches 180°. In metals, on the other hand, <r 3 and <r 3 are almost 
equal and the largest difference between the principal stresses does not exceed the 
constant values corresponding to the pure compression strength. Brittle and plas¬ 
tic failures are represented in the diagrams (a) and ( b ), respectively, while (c) repre¬ 
sents the well-known mechanical sliding process characteristic of granular materials. 

The third case can be described by Mises’ characteristic failure surface. (If the 
three principal stresses are plotted at the origin of the coordinate system and their 
resultant is traced, the characteristic surface will be their envelope. A convenient 
method of representation consists of projecting them on a plane passing through 
equal intercepts on the three axes.) 

These considerations naturally apply to uniform rocks only, which occur very 
rarely in Nature and even these are necessarily anisotropic. The mechanism of 
failure can thus be best approached on the basis of the third case, i.e. of the 
rupture surface developing in the mass which is assumed to be fissured. Since 
the rocks may be regarded as a heap of finely textured crystalline grains held 
together by some kind of surface tension, the grains are either crushed by the 
uniaxial pressure (combined with lateral expansion), when the surface stress is 
superior to the inner strength between the grains or they may be separated in 
groups if the surface force is inferior to their inner strength. If lateral expansion 
is prevented, the surface stress cannot become effective and the entire load must 
be carried by the fine internal texture of the grains. Should this no longer afford 
the required resistance to the increasing load, the crystal surfaces will be displac¬ 
ed on each other and the rock will be brought into a plastic state. In this-- 
condition a further stress increase will bring about no volume change but only 
deformations of shape will take place. Energy is transmitted in the form of 
shearing stresses and the deformation work is consumed by the changes in 
shape (cf. Section 31.2; genuine mountain pressure!). 

Data of major importance on some of the physical strength and deformation" 
characteristics for the more frequent rock types are given below 2 - 5 (Table 2/II). 

2 5 Stocke, Hermann and Udluft: Gebirgsdruck und Plattenstatik, Zeitschr. fur Berg- 
htitten u. Salinenwesen 1934, 1936 
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These should naturally be regarded merely as rough approximate information 
values. In general, the modulus of elasticity decreases with increasing porosity, 
particle size and water content. (The above figures apply only to the elastic por¬ 
tion of the deformation!) The effect of moisture varies in extent from rock to 
rock and is much more pronounced, e.g. in the case of clays and clayey shales 
than in sandstone. According to Stini the modulus of elasticity is reduced by mica 
formation and kaolinitization, whereas it is increased by carbonic acid minerals 
and lime content. It should be evident that deflections also increase appreciably 
with the water content. According to STOCKEthis increase may be from 3-5 to 
16-fold in clayey slates, and from 1-5 to 5-fold in sandy shales. 

21.34. Hydrological Survey 

The hydrological survey is carried out simultaneously with the geological 
exploration to which its importance is not to be subordinated since water is a 
governing factor in tunnel loads as well as in construction possibilities and con¬ 
ditions. 

The appearance of water in drifts and 
tunnels depends primarily on the char¬ 
acter and distribution of water-con¬ 
veying passages. The length and depth 
below the terrain surface of the cav¬ 
ities, precipitation and local geologi¬ 
cal conditions are also important. 

The passages may extend along 
surfaces, as e.g. exfiltrations appear¬ 
ing in fissures and joints, where one 
dimension of the conveying cross-sec¬ 
tion is negligibly small in comparison 
with the other. They may again be tube¬ 
like, ranging in size from cavities of 

several metres in diameter down to 

ii j ,» Fig. 2/14. Curtain-like water infiltration 

tiny seepage ways called “thread-like from a j ojnt 

water passages. 

Furthermore, subterranean local wa¬ 
ter masses may be discriminated filling 

up a certain volume (water lenses, pockets and dislocation zones). Finally, 
groundwater and especially that of intercalated aquifers should be distinguished. 

Solid rocks made watertight by the density of their texture are always inter¬ 
woven with fissures, seams and cleavages in which water is moving in curtain-like 
films. In igneous rocks the water film moves in fine cracks (Fig. 2/14) but highly 
extended, distributed to countless films whereas in sedimentary rocks the dispersed 

water has a tendency to unite in definite ducts by scouring the rock. Once the 

* 
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fissures are wine enough and communicate with each other through a great number 
oi passages, the movement will be directed by the pressure head. With the decrease 
of the quantity of water (end of thaw or dry season) the movement will be a gravity 
flow. The longer the period of migration through the rock, and the smaller the 
resistance of the latter against the dissolving action, the greater the progress from 
water-films towards the formation of tubular ducts. This difference can be 
observed on the ground-surface as well, since water issues from igneous rocks 
at numerous points, but the discharge at individual points is small. On the other 
hand, in mountains built up from more soluble sedimentary rocks there are fewer 
springs, but with an ample discharge, although subject to wide seasonal fluctu¬ 
ations including completely dry periods. 

Groundwater and the water of intercalated aquifers, where the voids of the 
rock are saturated with a coherent mass of water extending over the entire thick¬ 
ness of the layer, or at least over a considerable part of it is the most dangerous 
in tunnelling. If possible, the tunnel should not be located under the phreatic 
groundwater table. However, where construction in such a layer is unavoidable 
(e.g. tunnels of underground railways), special tunnelling methods and techniques 
must be resorted to (shield driving, dewatering by compressed air). If the tunnel 
can be located above the groundwater table then only drainage of periodically 
percolating meteoric water need be provided for (Fig. 2/15-1). In tunnels under 
the groundwater table rain-like dripping from the rocf and entrance of water 
through fissures of side walls can be expected (Fig. 2/15-2). The volume of water 
entering the tunnel in such cases depends exclusively on its height, relative to 
the groundwater table, and decreases with this hydraulic head. Location 3 in 
Fig. 2/15 is the least favourable. 

Special reference must be made to karstic (cavern) waters, resulting from per¬ 
colating precipitation, and stored in the continuous duct-like passage cavity system 
eroded in the rock by the water itself. These represent a serious source of danger 
in tunnelling. In the vicinity of the ground-surface the water percolates in numerous 
fine fissures into the interior of the rock and widens these fissures in the process. 



Disadvantageous 
location . 

\ 


Fig. 2/15. Possible tunnel 
elevations 
relative to 
water-levels 
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The hair cracks develop into larger channels, decreasing, however, in number 
accordingly (Fig. 2/16a). Such a continuous passage system will not develop except 
in water-soluble rocks. For this reason caverns are common in dolomite or lime¬ 
stone mountains only. Two types of karstic (cavern) systems, namely perched 
(mounds) and basin-like ones can be distinguished (Fig. 2/16b, c). Water from the 
interior or perched cavern formations seeps out to the surface and the water is 
stored only for the period of percolation. On the other hand, in deep karstic basins 
meteoric water percolating from the surface is stored in the formation as in an 
underground reservoir (Fig. 2/16c). 

When the drift pierces such an underground reservoir containing large volumes 
of water in the communicating passage system of the karstic basin, this water 
will burst into the tunnel under a high hydrostatic head and at high velocity. 



Precipitation 



6 Sz6chy: The Art of Tunnelling 
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Water inrushes exceeding several hundred m^/min have been experienced (Mont 
d’Or tunnel, Great Apennine tunnel, Tanna tunnel, etc.). According to experience 
gained in mining practice, karstic water is not stored, as a rule, in the interior 
of the mountain at depths greater than 100 to 200 m, so that the likelihood of 
danger from it decreases with depth. Blasting operations below the karstic ground- 
water table should be undertaken with great care in order to anticipate the inrush 
of karstic water through blasting-fissures. 

Water moving in larger cavities may carry 
sand, debris and even pieces of wood as well 
as suspended matter, as do surface streams 
(Fig. 2/17). The volume of inflow also depends 
on the dip of the layers, as well as on the 
position of the heading relative to the eleva¬ 
tion of water masses stored in the passage 
system. High initialinflowvolum.es have been 
found to decrease rapidly in relation with 
the emptying of the underground reservoir. 
Geological basins and depressions (synclines) 
are more likely to be filled with such water, 
which is a further reason why tunnels should 
not be located in synclines. As each drift pen¬ 
etrates the interior of the mountain it gen¬ 
erally draws off the water from there and 
also drains the surroundings to a certain ex¬ 
tent. It has also been experienced that water 
constantly entering through the face may be 
drawn ahead of it by driving a pilot heading 
which results in a certain dewatering of the 
space in front of the face. 

The inflow into the heading may also in¬ 
crease with time if mountain pressure also 

_ , , , increases as a consequence of the excavation 

Fig. 2/17. Natural underground e . . . . ... . . 

reservoir crossed by of the cavlt Y involving a displacement of the 

Mont d’Or tunnel surrounding rock masses towards the lining. 

As a result, the rock masses become loosened 
and internal fissures are opened, so incurring 
an increase of the inflow. Similarly the inflow may increase with the progress of 
time in fine-grained loose soils, or limestone and dolomite masses as a con¬ 
sequence of the development of cavities due to continued solution, leaching and 
weathering. 

The discharge of internal springs tapped in the interior of limestone mountains 
generally appears to follow a decreasing trend with considerable variability. They 
may become entirely dry in periods of frost or extended draughts and may reach 
peaks at times of thaw or in wet seasons, i.e. they behave like surface streams. 
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Tunnels retain their draining and dewatering function after their completion. 
For the interception and removal of attracted water an extensive and costly system 
of drains and ducts is built in the completed tunnel through which water is con¬ 
tinuously removed, and the tunnel lining is carefully insulated. Water is permitted 
to enter the tunnel in order to reduce the hydraulic pressures acting on the tunnel, 
to relieve the tunnel lining and to increase its durability. Recently, objections 
have been raised against this generally accepted practice. These are based on the 
assumption that as long as there is a continuous movement towards the drainage 
system, fine particles will be dissolved, leached and scoured from the rock, which 
is thus constantly loosened around the lining and so is prevented from attaining 
a final state of equilibrium. In addition, where the water contains active chemicals 
as well, a destructive action upon the lining itself is intensified by the continuous 
renewal of detrimental agents. No progressive damage occurs, however, once the 
harmful substances in still water are neutralized. The maintenance of a steady 
water-table is advocated for this reason and the employment of collar-like imper¬ 
ious buttresses extending far into the rock is suggested as a means of attaining 
^uch conditions. These retain water at a higher level and flow is diverted from the 
vicinity of the tunnel lining. Such buttresses may be realized in some cases by 
grouting. 

Others recommend the construction of intake shafts through which 
water is reintroduced at some points into the fissured interior of the mountain 
and flow towards the lining is diverted. The method of water reintroduction 
cannot be regarded as entirely correct owing to the action of the dammed water 
in softening rocks due to the great increase in pressure. In fact, the problem of 
drainage must be solved individually in every particular case, after due consider¬ 
ation of all local circumstances (cf. Section 72.21). 

The determination of the detrimental substances contained in the water is of 
paramount importance. The damage done is usually the greater the higher the 
concentration of the solution and the higher the temperature of the water (hot 
springs!), and the larger the volume gaining access to the tunnel lining. It is for 
this reason that groundwater is much more dangerous when moving than when 
still. 

The aggressive action of acids is in general the more pronounced, the higher 
the proportion of cementing agents - free or weakly bound lime - in the natural 
rock. Based on these experiences the use of cements with a high calcium content 
is to be avoided in dangerous zones and those containing little lime (blast-furnace 
slag cement, aluminous cement, trass, etc.) should be used instead. The disadvan¬ 
tages of honeycombed, porous concrete are well known, since an increased surface 
is exposed to the attack of aggressive water and the leaching of the free lime con¬ 
tent of concrete by soft waters is facilitated. Of the natural rocks, dolomite and 
rocks containing lime as a binding agent are most susceptible to the aggressive 
action of acids. 

Sulphuric acid, which is present in water originating from peaty areas and from 
rocks and soils containing gypsum and sulphide ores, is generally known to be 
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highly aggressive, but similar damage may occur in clays containing pyrites upon 
contact with atmospheric moisture. 

Carbonic acid occurring in various mineral waters, peaty and moorland water, 
may leach the cement of concrete and dissolve limestones and dolomites. Calcium 
and magnesium are removed in the form of double carbonic acid salts. Carbonic 
acid is usually a weak acid and its aggressive action becomes conspicuous only 
after a considerable period. As revealed by recent research, detrimental action 
can be attributed to free carbon dioxide alone, but its actual quantity can be meas¬ 
ured only on the site. Of the salts, sodium sulphate fNaaSOJ occurs in sea-water, 
in certain mineral waters and in some rare salt deposits. Calcium sulphate occurs 
frequently both as gypsum and anhydrite (CaSO,,). It is highly aggressive and 
necessitates special care and precaution. Magnesium sulphate, or Epsom salt 
(MgSOJ is even more detrimental than gypsum, since magnesium is a weaker 
base than calcium. 

Sodium chloride (NaCl) can be found in sea-water and in a great number of 
rocks representing sea-water sediments. Solutions of sodium chloride are not too 
dangerous, in contrast to the contaminations of MgCl 2 and MgS0 4 accompanying 
it, which are always present in marine sediments. 

Soft waters, i.e. those containing little dissolved salt are also highly variable; 
they occur in igneous rocks, peat areas and glacial creeks (snow-melt water). 
In the same mountain region the softness of the water increases with the coldness 
of the climate. The smaller the salt content of such waters, the more readily will 
they dissolve salts, e.g. the lime salts of mortar. This type of aggressivity is not 
especially dangerous except in flowing groundwater where saturated masses are 
continuously replaced by unsaturated ones. Aggressivity is increased by the carbon 
dioxide content and is characterized by the pH value which should be taken into 
consideration wherever it is lower than 6-5. 

In many instances tunnelling affects surface water courses. Springs may become 
dry, lakes may disappear and creeks may vanish as a consequence of tunnel driv¬ 
ing, the reasons for which should be self-evident. The determination of the number 
and yield of existing springs and water courses therefore constitutes an important 
task of the preliminary site survey. 


! 


21.35. Gases and Rock Temperatures 

Another important part of the preliminary exploration work is the exploration, 
estimation and study of gas outbursts, gas exfiltrations and rock temperatures. 
Gas and temperature are significant for the safety and health of workmen, but 
their influence on the technical feasibility of tunnelling is less pronounced although 
the necessary precautions, the selection of working and transportation equipment 
are factors certainly affecting the technology adopted. 
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21.351. Gases occurring in tunnelling. The occurrence of gases is governed fun¬ 
damentally by the geological structure of the mountain. Detrimental gases may 
be expected primarily in igneous rocks and especially in fissured, weathered for¬ 
mations of such an origin. 

Carbon dioxide (C0 2 ) is the most important of the detrimental gases which is 
likely to be encountered in igneous rocks in the proximity of coal layers and other 
rganic deposits and in fault zones. It is usually the product of the slow oxidation 
of coal, carbonatization processes, or of the decay of organic compounds. Owing 
to this its probable penetration into underground cavities can often be predicted. 
Sometimes it rises from the molten magma core of the Earth along fissures and 
faults. Carbon dioxide also occurs in the form of post-volcanic exhalation. It is 
precipitated in the form of secondary acids but is never decomposed. The gas is 
c lourless, odourless, slightly sour, 1-53 times heavier than air and therefore accu¬ 
mulates at the bottom of the drifts. The detrimental effect to the human organism 
results from the lack of oxygen associated with its occurrence. C0 2 is harmless 
as long as oxygen is present in a proportion higher than 20%, but a C0 2 content 
of even 4-6 % causes difficulties in breathing, 10-20 % results in a loss of conscious¬ 
ness, while 20-25 % may cause lethal poisoning (see table on pp. 87). Its biolog¬ 
ical effect is reflected by agitated lung action as the C0 2 level in the blood increases 
and breathing becomes deeper. It is aggressive to the concrete of the lining, but 
its corrosive action is particularly dangerous to steel structures. 

Carbon monoxide (CO) is lighter than air (0.97) and is much more toxic than 
carbon dioxide. The gas is tasteless, colourless and odourless and its presence is 
impossible to detect in time to prevent casualties without the use of delicate 
instruments. It occurs in the vicinity of coal fields, as a consequence of methane 
or coal dust explosions and also in the exhausts of internal combustion engines 
and in explosion gases. The gas is somewhat unstable and turns to carbon dioxide. 
It readily combines with the red blood cells to form carboxyhaemoglobin which is 
efficiently stable to prevent those cells from performing their normal function 
of forming oxyhaemoglobin which is essential to life. Poisoning can be detected 
at 25% blood saturation. Above this limit agitated heart pounding, headache, 
dizziness, general weakness occur, while loss of consciousness occurs at 50%. 
Above 75% saturation, rescue attempts are unsuccessful. Since saturation depends 
on the retention period as well, even a small CO concentration may become dan¬ 
gerous with prolonged exposure (cf. Section 46.52 and Fig. 4/134). 

Marsh gas, or methane (CH 4 ) is a tasteless, odourless, combustible gas, also 
lighter than air (weighing only 0-558 times as much). It occurs principally in the 
vicinity of coal and oil fields, but it may also result from the decay of organic 
substances. It may also be found in the vicinity of salt deposits and bituminous 
layers. In some exploration boreholes of the Budapest underground railway the 
methane gas encountered resulted from the decay of large quantities of fish 
remains enclosed in deep layers of clay in geological times, while the methane 
inflows responsible for large fires in the Great Apennine tunnel issued from 
shale strata. Methane may be tapped from similar inclusions in dolomite and lime- 
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stone rocks. Where escape to the atmosphere is prevented by an impervious top 
cover (clay), the gas may migrate laterally to great distances through fissures in 
adjacent rocks. 

Methane, especially in 5-5-13-5% proportions forms a highly explosive mixture 
with air (pit gas), but is not toxic otherwise. The use of open flames or burning 
lamps in an atmosphere contaminated by methane is dangerous. Concentrations 
even as low as 2% are inflammable and may initiate an explosion in the presence 
of coal dust. 

After the fire catastrophe caused by a gas explosion in the Great Apennine 
tunnel, safety precautions -were taken, the main items of which may be summarized 
as follows 2 - 6 : 

1. The use of battery-powered electric lamps; 

2. The installation of gas-indicator lamps in all drifts; 

3. The use of remote controlled electric detonators; 

4. Permanent supervision of all working activities by gas experts; 

5. The use of compressed air locomotives for the transportation of debris and 
construction material; 

6. The installation of high-pressure water mains for fire extinguishing; 

7. Air-extracting ventilation at all points of accumulation (especially at the 
roof) and the provision of ample artificial ventilation in general; 

8. Strict prohibition of smoking and of the use of open flame lamps in the entire 
tunnel. 

Hydrogen sulphide (H 2 S) is 1-7 times as heavy as air, smells like rotten eggs, 
has a sweetish taste and is highly toxic. It supports combustion and in a quantity 
of 6% in air it is explosive. The gas enters drifts and cavities through fissures and 
underground streams which have come into contact with decaying organic sub¬ 
stances or volcanic fumes. It is essentially the disintegration product of organic 
substances containing sulphur, or sulphates and sulphides (decaying wood), 
which is readily absorbed by water. For this reason water inrushes are frequently 
accompanied by the inflow of hydrogen sulphide. It occurs in blasting stythes 
and may fill the cavities and fissures of salt-bed formations. Hydrogen sulphide 
is dangerous on account of its toxic effects, rather than on account of fire hazard. 
As a strong blood poison in small quantities it causes dizziness and sickness; 
it attacks the eyes and causes the slightest wounds to suppurate. In a concentration 
of 0-05 % it causes sickness, at 0-1 % unconsciousness and is lethal at higher 
levels (cf. table given below). It is highly corrosive to concrete linings. 

Sulphur dioxide (S0 2 ) is a colourless, pungent, asphyxiating gas which dissolves 
readily in water and combines with it to form sulphuric acid. This gas also occurs 
in volcanic fumes and is very detrimental to concrete linings. 


2-6 La Direttisima Bologna—Firenze, Annali dei Lavori Publici 1934 LXXII 37 
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Hydrogen (H 2 ) is 15 times lighter than air and is not detrimental to health, 
but because of its inflammability its presence always involves the hazard of explo¬ 
sion and fire. It develops readily on salt deposits, or in their vicinity, but it may 
be an adulteration in methane, carbon dioxide and nitrogenous gases as well. 

Sitrogen (N) is a non-toxic gas, slightly lighter than air and is not inflammable. 
It may become dangerous by displacing oxygen from the upper part of headings, 
thus causing suffocation. Nitrogen occurs in young eruptive rocks, or as the 
decay product of organic substances of floral origin, but it has been encountered 
in coal layers and coal bearing rocks, in fissures of rock-salt deposits and sometimes 
mixed with methane and hydrogen. 

Sitrous gases (NO, NO a ) are the by-products of explosion fumes and may be 
very dangerous in blow-out blasts, since they are even more detrimental to health 
than carbon monoxide. They have a sharp odour and are pulmonary irritants 
even in minute quantities. 

Water vapour (H 2 0) is in itself entirely harmless, but may adversely affect the 
progress of work. In an atmosphere saturated with vapour the working ability 
of the human organism is greatly reduced, the corrosion of metal machines and 
tools, as well as the decay of timber supports is considerably increased. Since the 
.apour content of the atmosphere in underground cavities is naturally raised 
by the moisture in the interior of the mountain, one of the basic aims of ventilation 
should be the reduction of this vapour content (cf. Section 46.5). 

The'more frequent gases encountered cause lethal poisoning in the percentage 
concentrations given below: 
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21.352. Rock temperatures to be expected in the interior of a mountain. Temper¬ 
atures on. the surface of the Earth’s crust are subject to wide variations and are 
governed primarily by external conditions, such as season, geographical location, 
climate, etc. While sand and rock soils alike are heated to high temperatures by 
the sun in summer, their surface in winter will be colder than the air. Temperature 
fluctuations may exceed 50 °C. These surface fluctuations, however, become less 
and less perceptible in the temperature of rock with increasing depth below the 
surface and are no longer effective below a depth of 20-25 metres. Below this 
crust affected by external influences there is a consistent increase in rock temper¬ 
ature with depth. The rate of increase is not uniform and is governed by several 
factors. It is measured by the geothermal step defined as the vertical distance over 
which there is a temperature increase of 1 °C. The inverse of this is the geothermal 
gradient, expressing the temperature increase for every 1 m depth. The geothermal 
step depends on several factors, the principal one being the material of the moun¬ 
tain itself, i.e. the thermal conductivity of the rock. The higher the conductivity. 
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the higher is the value of the geothermal step. Data on the thermal conductivity 
of the more frequent rocks are compiled in Table 2/I1I. (For references: the thermal 
conductivity of water at 18 °C is 5-0, that of rock salt is 41-45 and that of air 
0-205 kcal m 1 h 1 for every 1 °C difference in temperature.) 

Accordingly, thermal conduction in air is 25 to 30 times lower than in water 
and 10 to 20 times lower than in most rocks. Actual values may deviate consid¬ 
erably from these laboratory results owing to the effects of fissures, cavities and 
the water content of the rocks. 

The value of the geothermal step is lower in loose, frozen and dry rocks and 
may be reduced by chemical processes that may take place in the rock. The step 
is reduced and consequently rock temperature is increased by gases trapped in 
the rock. 2 - 7 

Temperatures are further frequently increased by mineral oil, coal and especi¬ 
ally by ore deposits, i.e. they reduce the value of the geothermal step. Temperatures 
increase similarly as a result of fissuration caused by rock pressures, or of the 
increase in porosity. The influence of porosity can, naturally, be traced back to 
the presence and movement of air in the voids. 

An influence still greater than that of air on thermal conductivity is the infiltra¬ 
tion of meteoric water, which, apart from the approximately 25 times higher ther¬ 
mal conductivity of water, results in the expulsion of air from the voids and the 
wetting of rock surfaces. These factors explain why the value of the geothermal 
step in cavernous limestone mountains is appreciably higher than in fissured 
eruptive rocks. Water moving slowly in the fine system of joints in eruptive rocks 
is a much less effective cooling agent than when flowing at higher velocity in wide 
gouges in sedimentary rocks. 

The value of the geothermal step is considerably affected by the topography of 
the terrain. Under otherwise identical conditions the geothermal step is higher 
under hills than under valleys (Fig. 2/18). Accordingly, the lines connecting 



Fig. 2/18. (a) Variation of isotherm distances in valley and ridge formations; 
(b) compared with theoretical sinusoidal curves 


2 ' ? During the construction of the Great Apennine tunnel under a cover depth of some 
hundred metres, temperature suddenly increased in clay-shale from 27 °C to 45 °C and excep¬ 
tion ally to 63 C as a consequence of gas inrush (4000 g/lit CH 4 content). 
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points of the same temperature (geoisotherms) will be more widely spaced under 
hills than under valleys. 

Finally, the value of the geothermal step is affected to a considerable extent 
by the stratification and dip of the rock layers as well. Heat in rocks is conducted 
better in a direction parallel to their stratification bedding, or shelving than per¬ 
pendicular to it. For this reason the geothermal step is higher in steeply inclined, 
or vertically stratified rock layers than in almost horizontally bedded ones. This 
difference is especially great in rocks containing high proportions of mica where 
it may be even 2-5-fold. Dense stratification, i.e. a close succession of thin layers, 
tends to minimize the value of the geothermal step owing to the insulating effect 
of layer interfaces. 

Maximum temperatures in the tunnel depend, finally, on its length, as will be 
demonstrated by the following theoretical considerations and by the tabulated 
values. 

Maximum temperatures and the value of the geothermal step as observed in 
the major Alpine tunnels have been compiled in Table 2/III. 


Table 2jil 


Name 
of tunnel 

Length 
of tunnel 

(m) 

Cover 

depth 

(m) 

Maximum 

tempera¬ 

ture 

°C (°F) 

Geo¬ 

thermal 

step 

(m/°C) 

Inflow 
of water 

(l/s) 

Remark 

Ricken 

8 604 

530 

(450) 

23-5 (74) 

27 

2 (N) 

21 (S) 

Dry sandstone under 
45° dip, Methane 

Simplon 

19 729 

2135 

55-4(132) 

37 

1300 

Geothermic step 
under ridge 43-5 m, 
under valley 29 m 

Tauern 

8 551 

1567 

23-9 (75) 

49 


Granite-gneiss, 
locally mica schist 

Arlberg 

10 250 

715 

18-5(65) 

38-6 

50 

Gneiss with mica 

Lotschberg 

14 605 

1673 

34 (95) 

(25-49) 

45 


Granite archaic slate 

Gotthard 

14 998 

1752 

40-4 (87) 

47 

300-400 

Geothermic step 

45 resp. 29 m 

Albula 

5 886 

750 

(912) 

15 (59) 

(11-25) 

(52-77) 

49 

(58-55* 

100 

(250) 

Albula granite 

Mont Cenis 

12 236 

1610 

29-5 (85) 

58-4 

7 

Sandstone with 50-80° 
dip and limestone 
with 20-30° dip 

Karawanken 

Suram 

(Caucasus) 

Apennine 

7 976 

3 990 

18 500 

370 

916 

510 

2000 

17-9(64) 

15-0(59) 

20-5(69) 

63-8(145) 

28 

144 

60 

Under a cover depth 
of 370 m 17-9 °C a 
very steep stratifi¬ 
cation 
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It can be clearly seen that under the influence of a variety of combinations 
of factors the temperature within the tunnel and the value of the geothermal 
step (G) may vary between very wide limits (the latter from 27 to 144 m!). In 
general the geothermal step G may be taken at around 30-40 m/°C. In Hungary, 
in view of the geologically younger covering layers a value from 12 to 25 m/°C 
may be assumed. Stini has given the following values for the long European tun¬ 
nels: 


Tunnel 

Depth 1 Geothermal step 

(m) 

(ft) 1 (m/°C) I (ft/' F) 

Simplon 

2100 

7003 

653 

121 

St. Gotthard 

1725 

5748 

85-3 

154 

Mont Cenis 

1565 

5282 

104 

192 


The temperature likely to be encountered in the interior of the mountain is 
governed, according to Andreae, by the following factors: 

1. The position of the geoisotherms under the mountain ranges (geothermal 
step); 

2. The soil temperature on the surface over the tunnel; 

3. The thermal conductivity of the rock and hydrological conditions; 

4. The elevation of the tunnel. 

The annual mean temperature of the ground surface (t 0 ) can be derived from 
the annual mean temperature of the air (/,) as: 

t 0 = l, + k = l l0 --~ + k, (2.7) 

where l l0 = the annual mean air temperature at a known location 

h x = the height difference between the point under consideration and the 
one with the known mean temperature /,„ 

X = the height difference causing a 1 °C drop in air temperature 
(150-220 m). 

For the temperature within the tunnel to be built at depth h we may write 

T = I, + k + - -—, (2-8) 


where G = the geothermal step 

/, = the annual mean air temperature 
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C = the thickness of the cover affected by the external temperature 
h = the total overburden over the tunnel 

k = a correction factor expressing the difference between the air tem¬ 
perature and terrain temperature, given by Bendel in the following 
tabulated form: 


Elevation above sea level 
(m) 

0 

500 

1000 

n 

1500 

2000 

2500 

Factor k (°C) 

08 

10 

1-3 

1-7 

2-3 

30 


The temperature of the terrain surface is also affected by its slope, topsoil 
cover and vegetation. 


In a mathematical analysis of the problem Andreae 2 - 8 concluded that when considering a 
vertical section along the tunnel axis in order to examine it according to the law of cooling, 
with the primary aim of determining the influence of surface formation, the two-dimensional 
heat distribution in this section in a steady state can be described according to Fourier by 
the following differential equation: 


8 -» a 2 # 

Sx 2 + dy 2 


= 0 . 


(2.9) 


As demonstrated by Thoma, one of the solutions of this equation can be written in 
the form 

# = C 1 In (A + V- 42 ~ 1) + C 2 , (2.10) 

where 

2x F. L 2 y 2x\ 2x ] 1/2 

A = exp ——Ml — 2 cos — - exp —I exp — , (2.11) 

if the surface is bounded by a regular wave form. The curves represent wave forms. The 
period of the function is / = nb (Fig. 2/18b), while C, and C 2 are constants. Wave troughs 
are spaced at y — nbn, while the wave crests are at y = (n + V 2 ) bn. 

From these equations we obtain for points under a wave crest: 

bn 2x 

y =5= —-, A = 2 exp —— + 1, 

2 b 


# = 2C, In |exp + yjexp + ij + C 2 , (2.12) 

the simple relationship, from which the temperature at any depth x under the peak of the 
wave crest can be calculated, once the values of the constants C 1 and C 2 , as well as the origin 


2,8 Andreae, C.: Die Temperaturprognose im Tunnelbau, Schw. Bztg 1953 41—42 
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It follows that once the amplitude of a ■& isotherm has been found, the C 2 constant can 
i!so be determined. No more than the geothermal gradients and geothermal steps at the tunnel 
*dits and exits and under the greatest overburden need be computed. Intermediate isotherm 
Points can be plotted by interpolation. If the vertical section of such a wave does not deviate 
t oo much from a regular sinusoidal wave line, the theoretical shape of the isotherm can be 
calculated from the expression: 


b 

*=2 


( & — C, # — C. 

'exp 4———- + 1 + 2exp2- 


ln 




c, 


8 exp 2 ——— 


— In 


exp 


- C,. 

Q 


+ 1 


2y 


2 exp 


& - C, 


Cx 


( 2 . 20 ) 

In spite of the simplifying assumptions made, the information supplied by this analytical 
method concerning the influence of terrain formations on the value of the thermal gradient 
and the geothermal step is very valuable. 

An important role is played in the above equations by the constant C lt the magnitude 
of which depends on a, i.e. the normal (standard) gradient specific for the rock, or essentially 
on the thermal conductivity of the rock material. 

Concerning the magnitude of a it was found by Konigsberger and Thoma that the influence 
of the type of rock is much less pronounced than its stratification and especially the inclination 
of the layers, as is clearly revealed by Table 2/1V. 


Effect of Dip on Geothermie Gradient 


Table 2/IV 


Kind of rock 

Vertical 

(°C) 

45° 

(°C) 

Horizontal 

(°C) 

Gneiss, prologine 

0 027-0 028 

0033 

0034-0-036 

Granite, limestones 

0-027-0-028 

0033 

0034-0-036 

Crystalline schist 

0-027-0028 

0034-0-036 

0037-0041 

Fillites 

0027-0028 

0031 

0032-0033 

When in wet condition, values may 
be subject to a further reduction of 

8% 

5% 

00 


The above method is also illustrated by Andreae by a numerical example. 2 - 9 
When plotting the thermal conductivity values for different directions referred 
to a given point in the rock, a rotational ellipsoid is obtained, the minor axis 
of which will be perpendicular to the stratification. 

The effect of moisture is very considerable and temperature values appreciably 
lower than the computed ones are an indication of the proximity of water. 


2,9 Andreae, C.: Die Temperaturprognose im Tunnelbau, Schw. Bztg 1953 41—42 
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The estimation of probable temperatures in the tunnel are important because 
of the deterioration of working conditions at temperatures above 24-28 °C. 
Conditions can be improved first of all by increased ventilation, secondly by water 
spraying, and sometimes even by the introduction of refrigerated air. The output 
and power demand of cooling and ventilating equipment to be provided will, 
thus, depend on tunnel temperatures and, therefore, its determination is required 
in advance. Occasionally even a different alignment must be selected for the tunnel 
where preliminary estimations reveal excessively high temperatures over thre orig¬ 
inally selected route. 


2.14. GEOLOGICAL PROFILE ALONG THE TUNNEL AXIS 

All results of preliminary geological survey and exploration should be united 
in the geological profile. 

The main items to be indicated here are the location and depth of boreholes, 
exploration shafts, drifts, etc. together with all information on the rock obtained 
otherwise. 

Beside the bore log in the tunnel axis and the location of the tunnel, the geolog¬ 
ical profile should display all rock types, their condition (fissured, weathered, 
etc.), detailed information on stratification, folding and fault zones and, where 
possible, even strength properties. Hydrological conditions (groundwater table, 
intercalated aquifers, artesian water level, etc.) must also be shown, together 
with water gouges, springs and water-bearing layers. A very important supple¬ 
mentary feature of the geological profile is the curve of the estimated internal 
temperatures (cf. Figs 2/20 and 2/21). 

Geological profiles of subaqueous and urban tunnels would be incomplete 
without the indication of the bottom of ground-surfaces, of the extent of level 
fluctuations, of the river bed material, its physical properties, especially its imper¬ 
meability. In addition to these the weight, foundation conditions of major buildings 
on the surface, elevations of possible access roadways, the location of public 
utilities, elevations of various groundwater stages together with the pertinent 
heads should also be entered (cf. Figs 2/19 and 2/26). 

The object of the survey preceding actual tunnel construction is, essentially, 
to furnish preliminary information on all circumstances affecting the site, loca¬ 
tion, construction and dimensions of the tunnel, in particular the quality and 
position of the layer to be penetrated, on rock and water pressures and on water, 
gas and temperature conditions within the mountain. 

With a detailed knowledge of the geological pattern the correct method of 
construction can be selected and the tunnel lining, drainage, insulation, etc. can 
be designed economically and with adequate safety. 

Tunnelling usually presents no particular difficulties in eruptive and paleotypal 
hard rocks. Although the cost of excavation is usually higher, no temporary 
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Building block N-t 


Building block N- II 


Building block N- III ^ 
BO Street level 



Fig. 2/19. Typical geological profile of a subway 


supports are necessary and the possibility of a full face method ensures rapid 
advance and economical work. Thin linings will provide ample safety against 
the small rock pressures. 

In soft rocks (limestone, dolomite, Tertiary rocks) excavation is cheaper, but 
the installation of temporary supports is slower, more expensive and less safe. 

In fissured rocks large-scale timbering, solid linings and costly drainage are 
usually required. 

The greatest difficulties are likely to arise in alluvial rocks in the vicinity of 
the surface and at moderate depths. These rocks are usually completely saturated 
with water. Especially adverse conditions may be encountered in young soft 
clay, sand and fine sand soils, especially if they are waterlogged. These types of 
soil are likely to be penetrated during the construction of underground railway 
and subaqueous tunnels, and special construction methods (shield driving) have 
to be developed to overcome the difficulties. 

Critical sections in tunnel construction may be those around portals, i.e. adits 
and exits which in the case of a stratification running parallel to the slope may 
be subjected to loads (due to creep-pressure) exceeding the geological pressure 
(cf. Fig. 2/32). 

In the light of the foregoing considerations let us study the geological 
profile of some of the better known tunnels at home and abroad. 



vO 

CJ\ 



? ig, 2720. Geological profile of the Simplon tunnel 
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Cr = Granite 

P = Mica schist 


Gn = Gneiss 

Fp = Black slate 


C = Cipoline 

Sp — Serpentine 


O = Dolomite 

A = Amphibolite 

Fig. 2/21. Geological profile of the St. Gotthard tunnel 


The geological profiles of the Simplon and St. Gotthard tunnels are shown in Figs 2/20 
and 2/21, and both have been completed from actually observed temperature data. As can 
be seen, the rocks to be penetrated consisted mainly of igneous, paleotypal rocks in the case 
of the St. Gotthard tunnel, while gneiss, limestone and shale layers predominated over the 
length of the Simplon tunnel. In the case of the St. Gotthard tunnel the layers are not folded, 
are mostly vertical and the tunnel axis runs perpendicular to the strike. The rock layers 
over the Simplon tunnel are extensively folded, the dip is highly variable, sometimes approach¬ 
ing the horizontal, yet the tunnel runs generally in a direction perpendicular to the strike. 
There are differences in the greatest depth of overburden also, this being 1725 m in the case 
of the St. Gotthard tunnel and 2135 m over the Simplon tunnel. It will be perceived that 
considerable differences exist between the geological profiles of these two deep Alpine tunnels 
in spite 6f their similar character. These differences were reflected by the conditions encounter¬ 
ed in actual tunnelling work. First of all the observed differences in temperature were conspic¬ 
uous. While this was 30 8 °C in the St. Gotthard tunnel, in the Simplon tunnel it reached 
55 - 2 °C. This difference cannot be explained by the difference of 380 m between overburden 
depths, particularly because the occurrence of the peak temperature in the St. Gotthard tunnel 
did not coincide with the section under the greatest cover. An essential difference is to be 
detected, however, in the dominant direction of stratification. Whereas the layers over the St. 
Gotthard tunnel are vertical and.consist of granite having an average heat conductivity 
coefficient A = 1*81, the layers over the Simplon tunnel are inclined mostly parallel to the 
slope of the terrain and consist of Jurassic limestone, gneiss and shale with heat conductivity 
coefficients of 1T2, 2-20 and 0 9, respectively. The other significant difference was in the rock 
pressure encountered, insofar that no genuine mountain pressure was to be coped with at 
all in the case of the Gotthard tunnel because of the high strength of rocks perforated, true 
rock pressures (i.e. genuine mountain pressures) of high intensity had to be overcome, at 
a distance of 4 km from the adit and over the central section in the Jurassic limestone 
of the Simplon tunnel, however, in agreement with the theory that under deep overburden 
layer* limestone suffers plastic deformation and behaves like a plastic rock (cf. Section 3.12). 
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- Assumed surface line stove lunnel 

%%%% Glaciers 



Fig. 2/22. Geological profile of the Mont Blanc vehicular tunnej 

Fig. 2/22 shows the geological profile of the recently built Mont Blanc highway tunnel. 
The rock penetrated consisted chiefly of protogine (a transitory species between granite and 
gneiss) and of crystalline shales. Serious difficulties were encountered in the sections where 
the protogine was modified, i.e. where it was in a crushed state owing to the action of previous 
excessive geological pressure (milonitization). Genuine mountain pressure had to be overcome 
here (see Section 3.12) and densely spaced roof-bolting and a considerable inner supporting 
system had to be applied as a protective measure. 

Another interesting feature of the figure is the representation of isotherms ( Travaux , 1963 
Jan.). The temperature values actually measured are far below those obtained by prior calcula¬ 
tion (after Prof. Bibolini). This nearly 100% difference may be well ascribed to the tremendous 
cooling effect of the covering glaciers. 

The geological profiles of the Great Apennine and Tanna 2,10 tunnels are reproduced in 
Figs 2/23a and 2/23b. The comparison of the two tunnels with each other and with the forego¬ 
ing examples is highly illustrative. First of all, overburden depths of these two tunnels range 
from 400 to 600 m (1300-2000 ft) only, so that temperatures calculated on the basis of the 
geothermal step should have been appreciably lower than those actually observed in the 
Alpine tunnels. Yet temperatures as high as 60 °C were encountered in the Great Apennine 
(tunnel, whereas the highest temperature observed in the Tanna tunnel was not more than 

2-10 Cf. Report of the Construction of the Tanna Tunnel, Proc. of the World's Engineering 
"ongr. Tokyo 1929 
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Fig. 2/23a. Geological profile of the Great Apennine tunnel 



Fig. 2/23b. Geological profile of the Tanna tunnel (Japan) 


28 C, although temperatures up to 59 °C were estimated. This latter estimation took into 
account the porous volcanic tuff overburden material, the expectable gas and hot spring 
inbreaks and postvolcanic action (solfatara, fumarola). In the Apennine tunnel the discrep¬ 
ancies are due to intensive methane infiltration through the Eocene clay shale (2'3-3'0 km 
from the northern adit). 

This raised the temperature considerably, whereas the great quantity of water rushing 
into the Tanna tunnel exerted a considerable and unexpected cooling effect. True rock pres¬ 
sures were encountered in both tunnels. In the Apennine tunnel this was experienced in the 
clay shale mentioned before, where the Belgian method and the trapezoidal timber-frame 

supported drifts had to be abandoned in favour of the Austrian method and of 

circular drifts lined with hardwood blocks (cf. Fig. 2/23a). In the Tanna tunnel 
genuine mountain 'pressures approaching 20 kg/cm 2 were measured in the solfatara 

clay which is a product of andesite and andesite tuff weathered by hydrothermal 

action. This clay was encountered i fault zones and ur d;r the action of water flowed like 
a fluid mass into the tunnel. In the region which displayed signs of violent volcanic action 
the rock was densely interwoven with faults, whose width exceeded 15 m in many places. 
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Driving through two similarly wide faults (indicated in the figure) took 8-9 months to accom¬ 
plish. Attempts were made to drain the inflowing large quantities of water with the help of 
an auxiliary drift system (cf. Section 72.333). In the loose crushed rock section extremely 
great difficulties had to be overcome before the tunnel could be completed at last by the use 
of shield driving, compressed-air dewatering and cement grouting. The Tanna Basin itself, 
as shown on the geological profile, is the result of a depression caused by tectonic action 
which was accompanied by the development of a close succession of a series of faults. Along 
many of the closely spaced faults water burst into the tunnel and the inrush of vast quanti¬ 
ties of water (Q max =3'4 m 3 /sec) caused several fatal mass accidents. Considerable inflow was 
encountered during the construction of the Apennine tunnel too, (£? max = 0 J 35 m 3 /sec). 
As revealed by the comparison of the geological profiles of the two tunnels, the penetratio 
of young sedimentary and igneous rocks or rock fragments may involve serious difficultie 
even in the case of smaller overburden depths. The preliminary exploration of geologica 
conditions may prove impossible for long tunnels, since exploratory boreholes and shafts 
cannot be spaced closely enough to obtain a complete picture of the possible variations. 
Seven boreholes were drilled for the Apennine tunnel, and a close network of boreholes 
was established in the Tanna Basin, but these failed to furnish all the information required 
for the reliable prediction of geological conditions. Boreholes are generally unsuitable for 
this purpose, and exploratory shafts are too expensive and time consuming so that they are 
rarely resorted to. (For example, the driving of a 100 m [330 ft] deep shaft takes a year!) 


7100 



Fig. 2/24. Geological profile of the Karawanken tunnel 


The geological profile of another tunnel known also for the difficulties encountered 
during their construction is shown in Fig. 2/24. The ’carbon’ section of the almost 8 km long 
Karawanken tunnel on the Villach-Trieste line is famous for the extraordinarily high ‘genuine’ 
mountain pressures experienced there. Although the overburden was not more than 650 m, 
intense pressures pushed the heavy ashlar stone masonry linings almost 1 m towards the 
axis and the cross-section of timber headings was reduced by lateral squeezing, bottom up¬ 
heaval and roof subsidence to such an extent that it necessitated constant reconstruction and 
reinforcement. Conditions could not be improved by the installation of double 300 mm steel 
section frames applied at the bottom heading, these being deformed as badly as timber frames. 
Conditions became worse when the top heading was driven and the 4 m thick natural deck 
left between the two headings suffered a heave at the bottom of the crown heading, while 
it suffered a downward movement at the roof of the bottom heading as a consequence of the 
enormous side pressure resulting in a complete distortion of the cross-sections. These high 
pressures occurred principally in sections driven through coal-shale layers interwoven by 
clayey shale and slate layers sometimes in combination with quartz sandstone and quartz 
conglomerates. The shales showed a tendency to fracture, while the quartz rocks were as 
hard as glass. The difficulties will be fully appreciated if it is realized that timber supports 
amounting to 25% of the cross-section volume were required for constructing one linear 
metre of the tunnel. The difficulties were obviously due to the plastic deformation of the 
low-strength coal, and clay shale layers which were capable of considerable plastic deformation 
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and in which the development of the stress-relief took place very slowly and was accompanied 
by large deformation (cf. genuine mountain pressure). 

The geological profile in Fig. 2/25 is that of the Semmering tunnel. 2,11 This tunnel is one 
of the typical examples of pass tunnels, where the overburden is minimal and its depth varies 
from 40 to 100 m only. This naturally results from the attempts to minimize the length of 
the tunnel. This advantage is, however, offset by the weathering effect of meteoric waters, 
frost, and other atmospheric and biological actions which is more pronounced in the thin 


New 



overburden layers. Consequently, a greater loss in strength was produced and water found 
more ready access to the tunnel. Moreover, in the location selected, the rocks were in a highly 
folded, faulted and fractured condition interwoven with numerous clayey layers and at the 
interfaces, layer boundaries and faults the situation was aggravated by the infiltration of 
water. At a distance of a few hundred metres towards the mountainside sound strong 
limestone would probably have been encountered, at the price of the tunnel being longer. 

The mountain range consists of Triassic and Jurassic sediments which were subject to violent 
tectonic action in the vicinity of the tunnel. The rocks can be classified broadly into two 
groups, the first of which (I) comprises grey quartzites and grey phyllitic clay shales. The 
more or less coarsely grained quartzites are of a block-like structure, and were subject both 
at the surface and at greater depths to considerable tectonic forces which is reflected by the 
strong folding and fracturing. The residual pressures in these rocks were extremely high as 
was indicated by the spalling off and disintegration of the individual layers into incoherent 
shingle. This process was reinforced by seepage water. The greatest overburden depth is 
100 m composed of dark phyllitic clay shales of not more than 10 m thickness and of 40 m 
of pure quartz layers. 

The second group (II) comprises brown, closely jointed dolomites of low strength, and 
reddish brown phyllitic clay shales, the latter alternating closely with the dolomite. Almost 

2 ,1 Hanker, R.: Der neue Semmeringtunnel, Eisenbahntechnische Rundschau 1952 H. 12. 
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white mylonitic clay shales occurred in the vicinity of the southern portal. This other kind 
of overburden has likewise a maximum thickness of 100 m, within which the total thickness 
of the brown dolomite amounts at most to 20 m, the phyllitic clay shale to 15 m, the light 
coloured dolomite to 25 m, and the quartzite to 20 m. Usually, however, these rock types are 
thoroughly mixed. 
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Fig. 2/26. Geological profiles 
of subaqueous 
tunnels 


Plastic flow of the rocks could be observed along almost the entire length of the tunnel 
varying between a higher and a lower rate, depending on whether the clay shales, or the 
dolomites and quartzites were predominant. From these flow phenomena it could be 
concluded that the rock was either originally in a limit state of plastic equilibrium, or was 
brought into such a condition as a consequence of stress concentration produced by the excava¬ 
tion of the artificial hole. Whichever the cause the pressures experienced were genuine mountain 
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pressures with intensities ranging from 10 to 25 km/cm 2 corresponding to overburden depths 
between 40 and 100 m. 

Owing to the limited construction time specified for the completion of the tunnel (27 
months) it was impossible to wait for the progressive development of genuine mountain 
pressure and for the building up of the natural protective zone. 

A circumstance of special interest was the considerable heave of the bottom resulting from 
the genuine mountain pressure, the magnitude of which attained as much as 2 m in some 
places. The maintenance of the bottom drift caused serious difficulties during the entire con¬ 
struction period and the tunnel was lined for this reason all over the high pressure zones with 
rings made of 15 m long beech beams (cf. Great Apennine tunnel and Section 62.114). 
The extent of bottom heave increased with the size of the section excavated (cf. Section 34 
and Fig. 3'43). 

The above observations were made during the reconstruction of the tunnel in the years 
1950 to 1952, and during the construction of the new single track tunnel 92 m nearer the 
mountainside. Geological conditions here hardly differed from those of the original double 
track tunnel constructed between 1838 and 1852. 

Even more serious difficulties may be encountered when tunnelling through 
ecent geological deposits, particularly under river beds. 

Geological profiles of four famous subaqueous tunnels are shown in Fig. 2/26. As mentiont 
ed previously in connection with the location survey, in this case the considerations of los- 
height and of watertightness assume decisive importance since the tunnel section must usually 
be designed to withstand the full geostatic and hydrostatic pressures. The extent of permeabil¬ 
ity of the layers overlying the extrados of the tunnel is, thus, one of the governing factors 
especially where shield driving combined with compressed-air dewatering must be resorted 
to. Favourable conditions were ensured in this respect by the plastic clay surrounding the 
Antwerp tunnel, and the red Triassic sandstone through which the Mersey tunnel was driven. 
The Oligocene Kiscell clay in which .the Kaposztasmegyer tunnel was built for the Budapest 
waterworks was also sufficiently impervious. The fine loose sand over the Elbe tunnel in 
Hamburg, the silty peat soil in Rotterdam and the gravelly moraine debris penetrating into 
the rock above the Queen’s Midtown tunnel proved to be highly inefficient. For this reason, 
the method of sinking into place from above was preferred to shield driving in Rotterdam, 
while a clay blanket seal was spread over the river bed at the Queen’s Midtown tunnel. This, 
however, was insufficient to prevent the inrush of water from above which occurred once 
during construction. This also happened, but with a much greater intensity, in the Hamburg 
tunnel where the internal overpressure of the compressed air used for dewatering the excava¬ 
tion, exceeded the hydrostatic head and burst through the air-pervious and water-pervious 
overburden. After the escape of air, water and sand from the-river bed filled the shield cham¬ 
ber. A single water-bearing passage in the otherwise impermeable cover is sufficient to cause 
a similar disaster. Where underground conditions are difficult or dubious the procedure 
followed at the Haarlem River Syphon on the Croton aqueduct may serve as a model (Fig. 
2/27). As will be perceived, an experimental drift was driven at a depth of 36 metres and as 
pressure and seepage conditions were found to deteriorate exploratory boreholes were driven 
from it. All these signs indicated the proximity of a fault filled with weathered and crushed 
rock. The exploratory drift was then abandoned and the syphon tunnel was constructed at 
90 m depth, where sound rock layers were encountered. Complete information on the geology 
could thus be obtained here too, by means of an exploratory drift only. For this reason the 
advisability of pilot and exploratory headings driven as far as possible in advance of the en¬ 
largement to full section cannot be overemphasized (cf. Section 62.11). 

Geological profiles for several other tunnels both in Hungary and abroad are shown in 
Figs 2/28 to 2/30 (Monorfalva, Pereces, and Varhegy). 

The geological profile of the bigger Monorfalva tunnel on the Szeretfalva-Deda railway 
line is reproduced in Fig. 2/28. The tunnel, as will be seen, is located in younger Tertiary 



SssS&Ss^BsSSe, 


GENERAL DESIGN 

Abandoned on account 
of soft rock 


Manhattan 


1300 . 
Levs! marks 


8ronx 


Assumed surface of sound rock 


Haarlem river 


Manhattan-shah 


’wood limestone 


Decayed rock 


'dew Croton suphon 


Fig. 2/27. Haariem River Syphon (New Croton aqueduct) 


• 11‘ <v - 5-0 kg/cm 1 


• 2 0 kg/cm 1 
58003 


dWe blue'ciiy'e- d 


Miocene blag layers inter mixed with .sand 


In the a 
rung work 
the locatii 
and there 
method. 1 
performar 
Natural 
hr-..tcd to 
optimum 


Fig. 2/28. Geological profile of the railway tunnel at Monorfalva (Transylvania) 
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Fig. 2/29. Geological section of a small-gauge service tunnel at Pereces (Hungary; 
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Bronx 



(Miocene) clay layers. As a consequence of the volcanic action 
which was responsible for the surrounding ranges, andesite 
rubble was deposited over these layers. The clay layers in the 
vicinity of the portals were saturated to a greater extent and, 
consequently, higher pressures developed there. Proceeding to¬ 
wards the interior of the mountain the clay displayed an increas¬ 
ing shear strength while towards the SE a transition to shales 
could be observed. Highest pressures developed around the 
northwestern portal. Under atmospheric influence the clay 
was found to expand to a high degree which was revealed by 
the continuous inward squeeze and difficult maintenance of 
the cross-section of a drift driven a little too far ahead. 

The Pereces tunnel shown in Fig. 2/29 was also built in 
Tertiary and even younger layers in the direction of the strike 
in almost horizontally bedded layers. Considerable difficulties 
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Fig. 2/30. Geological section of the vehicular tunnel under the Castle Hill in Budapest 


were encountered not only during its construction but also later during its maintenance (cf. 
Section 72.334). 

The geological profile of the tunnel under the Castle Hill (Varhegy), Budapest, is shown 
in Fig. 2/30. 

In the absence of data provided by an accurate geological profile not even plan¬ 
ning work can be started on proper lines, because of the uncertainty in selecting 
the location, the method and dimensions of drainage, and lining of the tunnel, 
and there is a great deal of uncertainty as to the most economic construction 
method. The geological profile is also indispensable for the economical and correct 
performance of maintenance and of occasional repair operations. 

Naturally, in the design and planning stage this geological profile cannot be 
limited to a single vertical section taken along a given line, but in order to find 
optimum conditions it should be extended to the surroundings of the probable 
alignment. Thus, for instance, in the case of underground railway tunnels it is 
usually specified to locate the exploratory boreholes alternately to the right and 
to the left of the contemplated tunnel axis, at distances from 50 to 100 m, rather 
than in the axis itself. Where the exploratory data display disturbed geological 
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conditions, it is advisable to complete it by geological cross-sections. Unfortu¬ 
nately, owing to the gaps and deficiencies of geological exploration, the accurate 
geological pattern will be disclosed, especially in geologically disturbed regions, 
in the course of the actual tunnelling work only (cf. the Tanna tunnel). 


2.2. FACTORS INFLUENCING THE LOCATION OF THE TUNNEL 

2.21. SELECTION OF THE LINE 

The selection of the general alignment is governed primarily by the traffic, 
or transportation interests necessitating the construction of the tunnel and is, 
thus, a function of the purpose which the road or railway line is intended to serve. 
The exact location, however, is controlled by the particular geological and hydro¬ 
logical conditions prevailing in the surroundings. The tracing of the route proper 
should be subject to the same principles as on the surface, the train or other 
vehicle to be carried through the tunnel being the same. The only difference is, 
perhaps, that in tunnels the adherence to a straight line is even more desirable. 
The reasons for this are not only those of shortening, economy in tractioti, or 
better visibility, but also the simplification of construction and surveying, as well 
as the setting out, and finally better ventilation. The tunnel axis itself is frequently 
straight but the adit sections are at a tangent owing to the necessity to connect 
to the open line. For instance at the southern adit to the Lotschberg tunnel the 
line climbs for a considerable distance on the steep rock hang, bordering the 
narrow valley of the River Rhone and penetrates abruptly with a 90° curve into 
the mountain. A straight tunnel axis was originally planned but, as to be seen 
in Fig. 2/31, this had to be abandoned during construction when the Kander 
Creek which flowed about 100 m (330 ft) above the tunnel found access into the 
heading through a gravel seam and filled the whole section with sandy silt for 
a length of about 1500 m. It was therefore found. necessary to by-pass this hazar¬ 
dous section in the manner indicated. 



Fig. 2/31. Alignment alteration scheme of Lotschberg tunnel 
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Similar solutions are adopted more frequently for subaqueous vehicular tunnels 
built in the city area of large ports. Owing to the great depths the access ramps 
would have their exits at the surface far from the waterside where they would 
disturb the most valuable urban areas of the city and where they would fail to 
connect the related embankment sections. For this reason the tunnel is constructed 
in the shortest possible straight line under the river, usually with a rectangular 
crossing, while the ramps are curved and have their exits to the surface parallel 
to the river banks. 

Curves may sometimes be inevitable in long tunnels, too, in order to avoid 
adverse geological formations, water-bearing strata, fault zones, etc. Minor offspur 
and hang tunnels may also be curved, in an attempt to follow terrain contours. 
Spiral tunnels built to permit the necessary gradient are, naturally, always 
curved. 

According to Soviet specifications the minimum radius of curvature for curved 
tunnels is 250 m (830 ft) on main line railway tunnels, and 200 m (660 ft) on 
branch lines. 

In the choice of the tunnel axis the careful selection of the adit and exit locations 
is important. It has occurred more than once that an incorrectly selected portal 
has broken down shortly after the commencement of excavation and has had to 
be abandoned for another site. Conditions are especially unfavourable where 
weathered, loose, fractured layers slope towards the portal. If these are pierced 
by an*approach cutting before a sufficiently resistant tunnel portal structure is 
built, the entire slope may be mobilized and sliding can no longer be arrested. 
The correct selection of the tunnel adit proper, i.e. the length of the approach 
cutting is also of great significance. For economic reasons its depth should not 
exceed 20-25 m (65-83 ft), yet at the same time the adit section should not be 
sited in a sliding layer. According to Stini highly resistant structures must be 
designed in uncertain layers and the coping of the portal should reach a few 
decimetres above the fractured layers covering the slope (Fig. 2/32). 

Tunnels should, in general, not be constructed in undermined regions (e.g. 
utility and underground railway tunnels in mining districts!), because of the 
unpredictable magnitude of the settlements and forces to which the tunnel may 
be subjected. 

The alignment of urban underground railway and subaqueous vehicular tunnels 
depends on traffic and town-planning considerations. The necessity for co-ordi¬ 
nating the location of the stations and their entrances with the street network and 
with the town picture, and thus adjusting the line to town-planning will make the 
use of curved sections inevitable. The problems arising from the selection of an 
appropriate tunnel line are especially difficult in the case of sub-pavement under¬ 
ground railways, which are bound to follow the street network, so that occa¬ 
sionally very sharp bends must be resorted to. This limitation is more tolerable 
where the railway is located at a greater depth, where the curve resistances can 
be reduced and higher speeds can be assured. This is well exemplified by Fig. 2/33, 
showing details of the old Budapest underground and a connecting section of the 



I OS 


GENERAL DESIGN 


new line. The sharp bends necessitated by adherence to existing streets are clearly 
shown. 

curvature and speed data for some of the more famous underground railways 
are compiled in Table 2/V. 
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Fig. 2/32. Forces acting upon a tunnel portal (creep-pressure!) 
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Fig. 2/33. Comparison of admitted curvatures of the old and new underground railway lines 
in Budapest 
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Population 
(in thousands) 

Number of passengers 
per year 
(in millions) 

Number of daily 
passengers 
(in thousands) 

Length of network 
(km) 

Passengers 
per car km 

Max. number 
of trains/hour 
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Time table velocity 
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velocity (km/h) 
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New York 

8000 

1574 

4300 

3800 

6-2 

40 

1 32 

( 

301 

29-6 

2-81 

0-75 

38-8 

100 


Paris 

4776 

1032 

3000 

1690 

16-4 


36 

2-21 

45-5 

0-51 

41-6 

39(75) 

40 

London 

9785 

702 

2000 

357-0 

4-9 

40 

38 

1 -91 

34-8 

1-3 

60-8 

241 

(100) 

Berlin 

3357 

267 

732 

75-9 

17-7 

40 

18 

1 08 

24-6 

0-77 

47-2 

76 

new 201 


Philadelphia 

2600 

182 

621 

40-2 

14-7 

30 

30 

4-29 

26-9 

0-71 


40 


Boston 

1500 



58-5 


38 

25 

9-5 

30-5 

0-93 

57-0 



Chicago 

5000 

153 

504 

28-6 

5-6 

40 

25 

3-2 

33-4 

0-83 

81-4 

103 


Hamburg 

1700 

156 

426 

41-5 

12-7 

40 

24 

1-48 

29-6 

1-22 

470 

68(180) 


Stockholm 

753 

80 

219 

15-5 j 

21-4 

40 

24 

3-75 

30-4 

0-5 

70-5 

201 


Glasgow 

1090 

37 

100 

6-6 

19-6 


20 

4-18 

22-4 

0-69 

38-4 

201 


Rome 

1680 



6-0 






0-99 


201 


Oslo 

429 

20 

60 


21-6 


42 







Budapest 

1800 


180 

8-2 


40 

30 


35-0 

117 


360 

30 

Moscow* 

5500 

(6000) 

(1000) , 

1000 

(3500) 

59-5 

(121-0) 


40 

30 

(35) 


400 

1 -45 


300 

33 


Rcnuak\ * Data given for 1955. Data in brackets refer to 1964. 
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The line of utility tunnels in urban areas is adjusted to the needs of public 
utilities and mainly to the existing road network and housing arrangements. 
Water supply tunnels connect the site of the source with the centre of consumption 
and their alignment is chosen accordingly, with due consideration for construc¬ 
tion and safety requirements. These are largely the same as those governing the 
selection of the line for communication tunnels. For increased watertightness 
regions showing a tendency to movement and fault zones should be avoided with 
even greater care. Water conveying or navigation tunnels should not be built 
in regions exposed to earthquakes. 

2.22. SELECTION OF THE LONGITUDINAL ELEVATION AND GRADIENTS 

The choice of the vertical location and profile of railway tunnels is in gen¬ 
eral governed by the destination of the traffic route, i.e. by the aspects of estab¬ 
lishing and maintaining traffic operations. The more specific choice between 
potential alternatives, however, will be governed by traction and construction 
requirements. 

The elevation, i.e. altitude or depth at which the tunnel is located is equally 
significant for both construction and traction, the layer in which the tunnel will 
be driven and its position relative to the ground water table, and also grade and 
lost height conditions being dependent on this decision. While for tunnels in 
mountains the aspects of traction and operation, and sometimes the position of 
ground water (cf. Fig. 2/14) may be decisive factors in the selection of elevation 
- construction methods being hardly affected by slight changes in altitude in the 
usually uniform, solid rock - the depth of underwater tunnels is controlled pri- 
-’manly by geological conditions. It is, naturally, preferable to locate mountain 
tunnels in a rock formation of adequate strength and thickness, if possible above 
the ground water table (cf. Fig. 2/14). This requirement can, however, usually 
be met in an economical manner even if traction and operation remain the primary 
considerations. No unsurmountable difficulties are likely to arise even where these 
latter considerations call for a more expensive and more involved method of 
construction entailing the necessity of dewatering and of providing stronger sup¬ 
ports for the loose soil masses. 

For subaqueous tunnels, on the other hand, the vertical position is determined 
primarily by constructional aspects, i.e. by geology; grade, traction and operation 
must be subordinated and adjusted accordingly. Accurate information must 
be obtained first of all on the bed contours on the elevation and succession of soil 
layers and particularly on the depth (f) and thickness {A t) of the impervious 
layer (cover). 

The tunnel must be located in the impervious layer under an adequately thick 
cover, whose thickness should be sufficient to prevent the inrush of water and 
eventually the escape of compressed air so ensuring a wide margin of safety in 
the construction of the tunnel (Fig. 2/34). 
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Considerable restrictions imposed by the prevailing geology at the site can be 
avoided by constructing the tunnel from above, i.e. by sinking prefabricated tunnel 
sections into place. This is one of the reasons for the growing popularity of this 
method. 

The typical profile of such tunnels resembles that of a trough, as the central 
horizontal section is flanked by inclined ones with the steepest permissible grade. 

The vertical position of urban underground railway tunnels is also governed 
by geology and aspects of construction, but aside from traction and operation, 
considerations of accessibility, the avoidance of interference with municipal 
utilities, as well as the safety of surface structures assume equal importance. 
Elevated stations may be responsible for special profile arrangements (see Fig. 2/37). 

The vertical position of canal and navigation tunnels is determined mainly by 
the elevation of the waterways to be connected, or by the elevation of the natural 
water supply to them, although geological conditions are also of significance both 
for construction and watertightness. The slope in the tunnel itself must be limited 
to a very small value. 

Utility tunnels can be located most readily, in general, to comply with geological 
and constructional requirements. Operating restrictions will assume significance 
in the case of water supply tunnels, although the required watertightness calls 
for a careful consideration of geology as well. 

As far as traction is concerned, the ruling grade permissible in tunnels is appre¬ 
ciably smaller than in the open air, owing to the reduced adhesion and increased 
air resistance in tunnels. 

The first reduction factor is the decrease in the tractive force due to the reduced 
adhesion-coefficient in tunnels. 

Under favourable conditions, in summer, on a hillside exposed to the sun the 
adhesion-coefficient for steam traction varies from/= 0-17-0-18, and may drop 
under adverse conditions, e.g. in a deep cut, or in a moist atmosphere at altitudes 
around 1000 m above sea level, to /= 0-14-0-15. The atmosphere in tunnels is 
usually saturated with moisture, owing to the vapour which precipitates from 
warm air in summer, and to ground water infiltration. Moisture thus precipitated 
on the rails or on the pavement causes a significant reduction of the adhesion- 
coefficient between wheels and rails. The degree bf adhesion is affected by several 
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other factors as well, such as the elevation of the tunnel above sea level, the situ¬ 
ation of the tunnel portals, wind and sunshine conditions, the cross-sectional 
dimensions of the tunnel, ventilation and draught, etc. 

This reduced f x value was found experimentally to be 0T1-0-12 for steam 
traction. 

Consequently the traction force of the locomotive will drop from the open-air 
value 

v = 1000/0, 

to 

v 1 = 1000/] Q a , 

where Q a = the adhesive weight of the locomotive. 

The ruling grade is naturally also affected thereby, since in the case of constant 
motion the tractive force must equal the sum of resistances, or, on an open line 

1000/0 = Q(ji + ej . (2.21) 

where Q = the weight of the train 
H = its specific resistance 
e m — the ruling grade per mile. 

The weight Q of the train to be handled remains the same in the tunnel, neither 
does the value of n change, so that the ruling grade e m must decrease to e 1 in order 
that the reduced tractive force V x should not lead to deceleration, since 


1000 fjQa = QQi + ed , 

by division of one equation by the other we obtain 

/ = H + e m 
fi /* + *i ’ 


whence 




( 2 . 22 ) 


(2.23) 


Assuming the conventional value of 3-3-5 kg/ton for n (slow, heavy freight 
trains with v = 30 to 55 km/h are decisive in this respect), the value of can be 
computed in terms of e m . Various e x values pertaining to corresponding e m values 
are presented in the following table which also indicates the reduction involved. 

As will be perceived the reduction is appreciable and depends, naturally, on the 
absolute value of the ruling grade as well. 
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Conditions are different to a certain 
extent in the case of electric traction 
where the value of adhesion, i.e. the coef¬ 
ficient of friction is in itself considera¬ 
bly higher than in the case of steam 
traction, and where the rate of reduc¬ 
tion is also different. In the case of 
electric traction e x may be taken at 
20-25°/oo, whereas it cannot exceed 
15°/oo in the case of steam traction. 


Ruling grade 

Reduction 
(°/.•) 

Open line 
em CIA 

Tunnel 

(°/oo) 

10 

6-5 

3-5 

15 

10-2 

4-8 

20 

14-0 

60 

25 

17-5 

7-5 

30 

21-2 

8-8 


a factor necessitating a reduction in 


Besides the reduction in the traction 
force the increase in air resistance is also 


the ruling grade. Denoting this share of the reduction by Ae, we obtain the 
previous equation in the following completed form: 


<?i?= 


A 

/ 


C m — 


Ae + fi 



(2.24) 


The magnitude of air resistance is known to depend on the relative velocities 
of wind and train (i.e. it is greater upwind than downwind) as well as on the rela¬ 
tive cross-section areas of tunnel and train. The magnitude of the resistance and 
the factors involved have been obtained experimentally by measurements in 
wind-tunnels and existing tunnels. Observations in the Simplon tunnel have 
already pointed to the fact that resistance is especially large in single track tunnels 
which are comparatively narrow. The train proceeds in a relatively restricted 
space and is preceded by a compression wave and followed by a depression wave. 
The first experimental measurement on the increase of air resistance was carried 
out in the Simplon tunnel which consists of two single track tunnels spaced at 
12 m and provided with artificial ventilation. Air resistance was measured first 
on the open line, then in the tunnel in the direction of the air stream and sub¬ 
sequently against the forced draught. The train proceeded at different speeds. 
The results of these measurements are compiled in the following table: 


Train velocity, v (km/h) 

50 

60 

70 

Air resistance, open line, ■Ae, 

(kg/ton) 

3-3 

41 

5-0 

Air resistance in tunnel in the 
direction of draught, Ae, (kg/ton) 

50 

6-4 

80 

Air resistance in tunnel against the 
draught, Ae, (kg/ton) 

7-5 

9-5 

12-0 
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As is shown the air resistance At may assume values considerably in excess 
of the specific train-resistance n, and may amount to a considerable portion of 
the total traction resistance. 

The most recent resistance measurements have been performed in the tunnels 
of the London Underground Railway. 212 The parameters included the velocity 
of the train, the ratio between the tunnel cross-section, the front area of the train, 
and the internal surface roughness. The results are represented graphically in 
Fig. 2/35. As can be seen from Fig. 2/35a, the measured resistance increased 
in a practically linear ratio with the speed but the gradient of the straight line 
was a function of the tunnel diameter. Beyond a certain limit this influence ap- 


3) 



Fig. 2/35. Results of air 
resistance tests 
made 

in the London 
Underground 


2-12 Turner, J.: Newest Trends in the Design of Underground Railways, Journ. Inst. Civ. 
Eng. 1959 I 
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peared to decrease appreciably. In Fig. 2/35b more exact information is given on 
the limit and extent of the influence exerted by the ratio of cross-section areas 
(tree area between train and tunnel) and by the roughness of the internal surface 
on air resistance. The differences between the cross-section area of the tunnel 
and the front area of the train (i.e. the free area A F) are indicated here on the 
abscissa and the magnitude of the resistance on the ordinate axis. Values pertaining 
to different speeds are connected by corresponding curves. As indicated by the 
trend of these curves, the effect of the free cross-section area becomes negligible 
as soon as the value of A F reaches 4-5 m 2 , i.e. about 40 % of the total cross- 
section area. The influence of the ribbed tube lining becomes entirely negligible 
at the same limit, but it was found to be altogether appreciably smaller than that 
of the previous factors. 

Curve resistances in tunnels are the same as those on the open line. 

The reduction of grade due to the increased resistance should be started at 
a distance corresponding to one half of the train length before the adit, rather than 
at the portal itself. 

Grade conditions within the tunnel are influenced to a certain extent also by 
considerations of drainage which must be ensured in every tunnel. The minimum 
slope required for this reason is 2°/ 00 , but 3°/ 00 is preferable. Tunnels are usually 
made to slope in two directions outward from a central apex in the mountain. 
If the tunnel is not at the highest elevation of the line and is on a gradient, or is 
not too long, a unidirectional slope may be used. Outward slopes towards the 
portals have the advantage of ready drainage away from the driving faces at both 
ends. In the case of a unidirectional slope, on the other hand, the water must 
be removed artificially from the heading started from the upper end. The water 
from subaqueous tunnels should be drained to collecting sumps constructed under 
the adit or ventilation shafts at the banks (cf. Fig. 2/26), whence it must be removed 
by continuous pumping. Drainage by gravity can be effected only in tunnels 
elevated above the ground-surface. 

In designing the longitudinal profile of urban underground railways special 
problems have to be considered. First of all the absolute value of the ruling grade 
may be greater than in surface tunnels, since underground tunnels are carefully 
sealed, drained and ventilated. Constant movement of air at relatively high veloc¬ 
ity is induced further by the rapid sequence of trains in the comparatively narrow 
cross-sections, so that no reduction in adhesion due to vapour precipitation is 
Ukely to occur. This is accompanied by the initially higher adhesion value of 
electric traction. Narrow cross-sections, on the other hand, involve the danger 
of greatly increased air resistance (see above) with consequent adverse effects 
on the ruling grade. 

The stations of deep underground railways are usually higher than the stand¬ 
ard line. The main purpose of the elevation is to bring the platform level 
closer to the surface and to reduce the time of access to and from it, i.e. to 
minimize the loss in height. This, however, is insignificant where escalators or 
lifts are used. 
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An additional and more significant advantage of this arrangement is the possi¬ 
bility of the insertion of a steep braking slope before and an even steeper starting 
slope after the station level (Fig. 2/36). The twofold benefits so obtained are 
a reduction of time loss caused at the stop and at the start by more rapid decel¬ 
eration, and acceleration, and the considerable saving in braking and starting 



energy consumption (permitting the use of smaller motors). The elevation of sta¬ 
tions may be accomplished by a hump, or a saw-tooth type profile arrangement 
(Fig. 2/37). The saw-tooth type may be used advantageously where the stations 
are closely spaced, or where the line descends from the surface. Elsewhere the 
hump type is commonly used. 


Station Station 



Accelerating 

d °P e Hump profile 


Station Station 



Accelerating slope 

Sawtooth profile 

Fig. 2/37. Accelerating and braking slope arrangements before and after stations 
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The benefits of a raised station arrangement can, however, be obtained only 
where they are all elevated approximately by the same measure, and where the 
slope of the ground surface and, thus, that of the line keeping space with it is 
insignificant. With usual train speeds (55 to 65 km/h) the stations are usually 
elevated by m = 3-0-4-0 metres, affording 3-0-3-3% starting and l-6-2-0% 
braking gradients in starting slopes 100-130 m long, and braking slopes 150-200 m 
long. According to calculations carried out in connection with the design of the 
Budapest Underground the saving in energy over a horizontal line is 20% and 
25% when using 2% and 3% starting gradient over 145 m and 125 m lengths. 

A braking gradient of 2-0% results in a 20% saving in braking energy. Owing 
to differences in station elevations and upgrades over the intermediate line sections 
usually occurring in practice, the saving in energy which can be obtained does not 
exceed 10% to 15%. It should be noted that the elevated station arrangement is 
likely to involve difficulties in drainage. The current optimum gradients for braking 
and starting slopes and the lengths of the latter relative to the length of the sta¬ 
tions and intermediate line sections are shown in Figs 2/36 and 2/37. 

Slopes are disadvantageous if it is necessary to stop a train between stations, 
where it must start on an upgrade after the line has been cleared. T his case is 
more likely to occur in the case of the saw-tooth type of arrangement. 

In the case of steam traction counter-slopes should be avoided owing to the 
danger of stagnant smoke accumulation. 


2.23. DETERMINATION OF THE CROSS-SECTION 

The selection of the tunnel cross-section is influenced by: 

1. The clearances and gabarit specified in view of the vehicles moving and 
goods transported in the tunnel; 

2. The type, strength, water content and pressures of soil; 

3. The method of driving; 

4. The material and strength of the tunnel lining as well as the internal loads 
acting on it; 

5. The necessity of accommodating a single, or a double track in the tunnel. 

For certain traffic and transportation purposes, together with soil conditions 
and construction methods, the most advantageous and commonly used tunnel 
cross-sections already developed are shown in Figs 2/38 to 2/47. 

(a) For railway tunnels the horseshoe cross-section is commonly used which 
is more pointed for single track and flatter for double track tunnels. Sometimes 
the internal face of the side walls is vertical. In the case of subaqueous railway 
tunnels - driven by the shield method - circular cross-sections have also been 
used on rare occasions (Fig. 2/38). 
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Fig. 2/38. Typical cross-sections of railway tunnels 


(b) Underground railway tunnels of the sub-pavement type usually have a 
flat-arched cross-section. For deep lines two separate tubes of circular cross- 
section are usually constructed (Fig. 2/39). 

(c) Horseshoe cross-sections are adopted similarly for water-conveying tunnels 
under gravitational flow conditions. However, the higher the internal pressure 
in these tunnels the nearer the circular cross-section is approached (Fig. 2/40), 
Sewage tunnels are usually circular or oval in cross-section with an inverted 
flume. 
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Fig. 2/39. Typical sections of subway tunnels 
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Fig. 2/40. Typical sections of water-conveying tunnels 


(d) The typical cross-section for navigation tunnels consists of a trough¬ 
shaped invert covered with a flat barrel vault (Fig. 2/41). 

(e) Utility and pedestrian tunnels may be constructed with rectangular or 
circular cross-sections, depending on whether they are located close to the surface 
(subpavement), or at greater depth or under a watercourse (Figs 2/42 and 2/43). 
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Fig. 2/43. Typical sections of 
passenger tunnels 
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Fig. 2/44. Typical sections of vehicular tunnels 
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Antwerp 
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Fig. 2/45. Typical sections of subaqueous tunnels 


(f) The widest variety of cross-sections has been adopted for road tunnels. 
Flat horseshoe sections are common for highway tunnels, while more pointed 
ones are used in city areas (Fig. 2/44; Budapest, Castle Hill). Subaqueous road 
tunnels, (Fig. '2/45) on the other hand, are usually circular in cross-section - 
when driven by the shield method (Antwerp, New York, London, etc.), but flat 
rectangular cross-sections are usually adopted when they are composed of sunk 
prefabricated reinforced-concrete caissons (Rotterdam, Amsterdam, Deas 
Island, etc.). 
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22.31. Tunnel Clearance 

The first step in the design of a tunnel is the determination of the cross-section 
required by the communication, i.e. the necessary clearance. 

The clearance of railway tunnels should be designed in accordance with the 
specifications of the Central European Railway Association so that it should be 
at least 30 to 40 cm larger than the clearance required for the open line. The pur¬ 
pose of this precaution is to provide additional safety against constructional 
inaccuracies and deformations of the section due to rock pressure, rock displace- 


Fio. 2/46. Required 

clearance for 
railway tunnels 



Upppr level 
of sleeper 


j„ent or water inrush. Considerations justifying a larger cross-section are improved 
ventilation and smaller air resistance, the former being made imperative by the 
necessity of removing the stack and exhaust gases of locomotives and internal 
combustion engines. For this reason the tunnel cross-section is made about 50-60 
cm larger than the clearance on the open line (Fig. 2/46). 

Accommodation must be provided not only for the vehicles using the tunnel but 
also for the pipelines and cables of various services mainly for tunnel and track 
maintenance (water pipelines, ventilation ducts, compressed air pipes, supply 
cables for lighting, power, safety equipment, etc.), which must be arranged in the 
most practicable manner. This aspect assumes particular significance tor uiban 
underground railway tunnels. 

Cross-sectional dimensions should be selected with potential electrification in 
mind and the overhead clearance should be increased accordingly. 
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In road tunnels this dimension is usually even larger because of the increased 
toxicity of exhaust fumes to the passengers of motor vehicles. This calls for im¬ 
proved ventilation. The circumstance that the lateral movement of road vehicles 
is greater than that of track-bound ones, should also be taken into consideration 
(additional safety measure beyond clearance of about 1 m). It should be remem¬ 
bered finally that road vehicles are still in a stage of development and their dimen¬ 
sions, and consequently clearance requirements, are likely to increase in time. 
Cross-sectional dimensions specified for tunnels on the German Autobahns are 
shown in Fig. 2/47. 


An important factor in designing the 
cross-section of navigation tunnels is the 
ratio of the wetted area (F) to the 
submerged cross-sectional area if) of 
the vessel since there is a rapid in¬ 
crease in towing resistance below a ratio 
m = Fjf =2-5 to 3-0. This demands 
adequate depth in the first place. Owing 
to the inevitable lateral movement of 
towed vessels, a lateral play of at 
least 1-5 m should be provided for on 
both sides. 

The best possible utilization of space 
can be achieved in rectangular cross- 
sections, while circular ones are least favourable from this respect. It is interesting 
to note that conditions are reversed in this respect in water-conveying tunnels. 

In the case of water-conveying tunnels the size of the cross-section is governed 
by their discharge capacity. Thus the magnitude of the cross-section is affected 
by the permissible flow velocity as well. In free-surface conduits there is a decrease 
in the discharge capacity as soon as the section becomes filled. For this reason 
a clearance of about 0-5-1-0 m is usually provided between the crown and the 
water level in the section, which is usually of the horseshoe type. 

Water in pressure tunnels, on the other hand, is conveyed in the entire cross- 
section, which in this case is not horseshoe-shaped but circular to resist the high 
internal pressures most effectively. 



Fig. 2/47. Clearance 

prescription for motorway 
tunnels 


22.32. Influence of Geological Environment on Shape of Cross-section 

A factor of considerable influence on the shape of the cross-section is the type 
of geological environment in which the tunnel is to be constructed. The magnitude 
of external loads, i.e. of the rock pressure, depends on the inherent strength , of 
the rock material, the quality of which is responsible also for the ratio between 
vertical and lateral pressures acting on the tunnel. In loose, soft and weak rock 
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materials large rock pressures and a relatively considerable lateral thrust may 
be expected. The greater the relative magnitude of the lateral thrust the more 
advantageous a circular cross-section will be found to be. In solid rocks showing 
no tendency to weathering, tunnel sections excavated with an arched roof may 
serve without resort to any lining. A thin layer of gunite may offer adequate 
protection against weathering. In the choice of the ideal shape of the tunnel 
section, in addition to structural considerations, earth pressure theory may serve 
as a guide. Adopting Rankine’s ratio for the constant ratio of vertical and hori¬ 
zontal pressures an elliptical shape may be advised for which the ratio of the major 
and minor axes can be expressed as (Fig. 2/48.) 

2a : 2 b = 1 : tan 2 (45° - </>/2). 

For instance in the case of sandy soils (with <j> = 30°), 

2 a : 2 b = 1 : 0-577 = 1-6, 


i.e. the height of the section should 
be 1-6 times its width which is ap¬ 
proximately in conformity with the 
requirements of railway clearances. 

In the case of saturated clays, on 
the other hand (where (j) = 0), 

2 a :2b = unity and the advisable 
section becomes circular. The pres 
sure distribution is hydrostatic in 
character with average pressures 
related to the centre being uniform 
in every direction. In rocks this ra¬ 
tio may be taken on the basis of 
confined compression as approximately equal to 



where /t = Poisson’s ratio for the particular rock 
m = l//i. 

As demonstrated by Fenner, 213 an elliptical cross-section proportioned accord¬ 
ing to this ratio has an advantage over circular ones, in that the considerably 
large tensile stresses in the crown are reduced, but at the same time large compres¬ 
sive stresses may be involved there. FTe investigates, therefore, the transitional 



Fig. 2/48. Theoretical shape of tunnel section 
according to Rankine’s ratio 


213 Fenner, R.: Untersuchungen zur Erkenntnis des Gebirgsdruckes, Giiickauf 1938 681 
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shape (cf. Section 32.22), where the stresses developing in the crown are of zero 
magnitude. The shape of this section was found to be elliptical with the major 

axis standing vertically and with an axis ratio — = — 2 —. (it should be noted 
. . am — 2 

that this relationship is valid only for m ^ 2.) 

Recently the effect of the shape of the section on stresses was investigated by 
erzaghi and Richart 2 14 who studied the normal stresses in the crown and spring- 




Fig. 2/49. (a) Influence of section shape and of side pressure coefficient on roof- 
(o) on side pressures 


mgs of circular and elliptical sections under -identical loads. As is shown in 
Fig. 2/49b, the stress in the crown changes from 0-25 p z (compression) to - 0-50 p, 
(tension) while the axis ratio of the ellipse changes from 1/2 to 2. This change is 
accompanied by an increase in the compressive stress from 1-75 p, to 4-75/> 
at the springings. The coefficient of lateral pressure was assumed intfiiscase as" 


0‘25. The effect of the coefficient of lateral pressures (2) on the normal 


(tangential) stresses a h and a„ arising at the crown and springings, respectively 
is clearly illustrated by Fig. 2/49a. It should be noted that the compressive stresses 
in the crown increase considerably with the lateral pressure (with increasing X), 
whereas the normal stresses at the springings decrease at a much slower rate! 


^"TERZAGm, K. and Richart, L.: Stresses in Rock about Cavities, Geotechnique 1952 
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Stresses due to bending are, of course, neglected in this comparison althougn they 
are of a sign opposite to that of the normal stresses and may - especially in the 
case of large dimensions - dominate the stress pattern. 

The conclusion to be derived from the foregoing considerations is that the 
shape of the cross-section should always be selected in accordance with the relative 
magnitude of vertical and horizontal loads. Where the vertical loads are relatively 
larger, an ellipse with a vertical major axis is preferable, while for relatively larger 
horizontal pressures one with a horizontal major axis will prove more suitable. 
The resulting stress distribution is also affected by the degree of restraint, inasmuch 
as normal stresses will dominate where deformations are restricted, while the 
influence of bending stresses will predominate where deformations can develop 
freely. For this reason under certain circumstances an elliptical section may be 
preferable to a circular one even where pressures act in the direction of the minor 
axis, since in this case the superimposed 
compressive stresses will be decisive for 
he section. On the basis of such consid¬ 
erations, F. Mohr 215 suggested that in 
the case of restrained deformation it is 
more reasonable to use an ellipse with 
the major axis perpendicular to the di¬ 
rection of pressure rather than parallel 
to it, provided that only a uniaxial (vertical) 
mountain pressure is likely to develop 
in the rock. 

In practice a shape composed of circle 
segments is used instead of an ellipse 
(cf. Fig. 2/46). When plotting this line 
the upper corner points of the clearance 
are fixed first, the size of the section 
being determined by them. The specified 
safety of- 30 to 40 cm is added and then 
a circular segment is drawn through the 
points thus obtained. The sides are form¬ 
ed by circle segments of larger radius 
which join the crown arch tangentially. 

The invert is again a circle segment with 
its centre lying on the vertical axis. There is no need to join this segment tangen¬ 
tially into the sides; they may intersect each other. The internal surface of the 
lining is defined by these curves and its thickness should be taken to keep the 
resultant of pressures acting on the external surface and dead weight within its 
inner third; otherwise a lining capable of resisting tensile stresses must be used. 



Fig. 2/50. Asymmetrical tunnel 
section 


Mohr, F.: Gebirgsdruck und Ausbau, Gliickouf 1952 27—28 
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Vertical loads (roof loads) are carried by an arch. In order to resist lateral thrust, 
horseshoe sections must be strutted by an invert arch at the bottom and it is 
advisable to increase the dimensions of the side walls as well. 

Inclined loads and unbalanced thrusts may call for asymmetrical sections. Such 
conditions may be encountered in tunnels located at a small depth under a sloping 
terrain, i.e. primarily in adit sections or in hang tunnels. Similar situations may 
arise in tunnels driven in mountain sides parallel to the strike of steeply dipping 
layers where the possibility of slides is not excluded, or in the vicinity of faults 
and in slide zones. Under such conditions the structural axis of the arch should 
be parallel to the direction of load, provided this direction and load intensity 
can be reliably identified. The section in such instances is fully enclosed (with 
an invert arch). Asymmetrical sections are always more expensive than symmetrical 
ones, owing to the unutilized area in excess of the necessary clearance, and to the 
increased thickness of lining (Fig. 2/50). The shape of the section is influenced 
further by the method of construction the choice of which is, in turn, governed 
by the prevailing rock or soil conditions. 

22.33. Influence of Construction Method on Shape of Cross-section 

The influence of the construction method on the shape of the cross-section is 
reflected by the following facts: 

1. Conventional mining methods are suitable for driving horseshoe and flat 
arched sections, and, less economically, for circular sections; 

2. The shield method is restricted almost exclusively to circular sections; 

3. The caisson or other sinking method is economical for rectangular and 
circular sections alike; 

4. The free-face method can be used for cross-sections of any desired shape. 

The method of construction must, on the other hand, be chosen in accordance 
with the prevailing soil conditions but may be influenced, to some extent, by the 
availability of equipment, machinery and materials. 

The considerable influence of the construction method on the shape of the 
cross-section is clearly illustrated by the wide variety of cross-section designs for 
the stations of underground railway tunnels (cf. Section 6.34, and Figs 6/161 
to 6/172). 

22.34. Influence of Tunnel Lining on Shape of Cross-section 

The material of the tunnel lining must also be taken into consideration when 
choosing the cross-section, since materials capable of resisting compressive stresses 
only (stone and brick masonry, and concrete) are limited to structures composed 
of arches and of robust buttressed walls, i.e. to those called upon to carry purely 
compressive stresses, err tensile Stresses not exceeding the tensile strength of the 
mortar used. Examples for these are horseshoe, circular and elliptical sections. 
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(the major axis of the last may be vertical, or horizontal). Materials capable of 
resisting tensile and bending stresses alike (reinforced concrete, steel and, tempo¬ 
rarily, timber) can be used for lining sections of any desired shape, designed in 
the most economical manner and permitting the fullest possible utilization of 
space. (Rectangular sections with a flat, or arched roof, thin shell-like linings, etc.) 

22.35. Size of the Tunr.el Cross-section 

This is affected by the decision to build a single double-track tunnel, or two 
separate single-track tunnels on lines where two tracks must be accommodated 
owing to traffic density. In the case of road tunnels the counterpart of this problem 
is the choice between a multi-lane and two single, or double-lane tunnels. 

Of fundamental significance in this respect is whether traffic density is already 
large enough to justify the construction of a double-track tunnel, or whether the 
enlargement to accommodate the second track will become necessary in the near 
or more distant future only. Where the need for a double-track tunnel is imminent, 
the problem is to decide whether a horseshoe, rectangular, or circular section 
should be used under the prevailing soil conditions considering the possible 
methods of construction. A double-track tunnel will always offer advantages 
over two single-track tunnels where conditions permit the use of horseshoe, flat 
arch or rectangular sections, and will usually be adopted for surface tunnels, 
in solid rocks, and for underground railways located at moderate depth under 
the terrain and, finally, for subaqueous tunnels sunk immediately below the 
river bed. 

Where, on the other hand, large lateral pressures make the use of circular 
cross-sections imperative, the construction of two separate single-track tunnels 
will be more economical. Large rock pressures may necessitate the construction 
of two separate tunnels with smaller cross-sectional dimensions even where a 
horseshoe section is used. Reference is made to the construction of the Simplon 
and Tanna tunnels, where the great depth of cover and unfavourable soil condi¬ 
tions resulted in pressures which prohibited the economical realization of 
a single larger cross-section. 

The relative magnitudes of cross-sectional areas of horseshoe and circular 
railway tunnels accommodating a single and a double track, respectively, are clearly 
illustrated by the following comparison: 


Shape 

Number 
of tracks 

Area (m*) 

% 

Notes 

Horseshoe 

i 

35- 50 

55 1 

1 

No invert 

Horseshoe 

2 

75- 85 

100 

f 

arch 

Horseshoe 

1 

45- 60 

58 | 

1 

With invert 

Horseshoe 

2 

80-100 

100 j 

I 

arch 

Circular 

1 

29-6 

43'5 


Circular 

2 

68-0 

100 



Elliptical 

2 

52-8 

| 77-5 



9 Sz6chy: The Art of Tunnelling 
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As will be perceived, the cross-sectional area of two single-track tunnels of 
horseshoe section is larger than that of one double-track tunnel of the same shape, 
while the situation is reversed in the case of circular sections. Consequently, the 
construction of two single-track tunnels with'horseshoe cross-section may be 
more expensive, while for circular cross-sections it may be more economical to 
construct two separate single-track tunnels. 


Tunnelling costs depend, 
however, not only on the cross- 
sectional area, but also on the 
length of the perimeter, which 
may be regarded as a measure 
of the volume of lining. The 
perimeter lengths of single- 
track tunnels are about two- 
thirds those of double-track 
tunnels irrespective of whether 
they are of horseshoe or cir¬ 
cular cross-section. This would 
point to the advisability of 
constructing a double-track 
tunnel in both cases. It should 
be remembered, however, 
that the lining thickness of 
horseshoe sections, usually adopted in solid rock, hardly changes with the 
span, a thickness usually being adopted for safety on the basis of past experience, 
so that the perimeter length may well be regarded with minor corrections as 
representative of the volume of lining. The lining thickness of circular sections 
commonly adopted in loose soils where large lateral pressures are likely to occur 
depends, on the other hand, to a great extent on the diameter used. When using 
cast iron tubing elements, the lining volume of the single-track tunnel is only 
35% to 40% of that required for the double-track tunnel although the perimeter 
ratio of the two tunnels is 0-66. 

It would thus appear that the economical solution in solid rock is a double¬ 
track tunnel with horseshoe cross-section, while in loose, soft soils two single-track 
tunnels of circular cross-section will be preferable. Standard cross-sections of 
single and double track railway tunnels specified on Soviet railways are shown 
in Fig. 2/51. 

A considerable advantage of double-track tunnels is the improved ventilation 
and the possibility of extensive repair and maintenance work without closing the 
tunnel to traffic. 

Two single-track tunnels must be located at a suitable distance from each other 
to eliminate superposition of the pressure zones developing around them. The 
spacing depends, thus, on the depth of cover, the width of the tunnel, and on the 
strength of the surrounding rock or soil (cf. superposition between rock pressures). 



Fig. 2/51. Clearance for single-track and double-track 
tunnels (Soviet specification) 


CROSS SECTION 


131 


The tunnel axes should be spaced not closer than 25-30 m. (For the Budapest 
Underground Railway this spacing is 23-5 m.) Particular care should be taken 
in cases where the second tunnel is constructed at a later date, since the first tunnel 
may then become subjected to additional loads; the shift of loads may result in 
a rearrangement of the stress pattern brought already to an equilibrium and this 
may lead to the development of cracks, water inrush and even to the break of the 
existing lining. This is exemplified by the construction of the second Simplon 

Case l Case l 



Fig. 2/52. Possible methods for later widening of a single-track tunnel 


tunnel,_ where the tunnel axes are spaced at no more than 17 m at a depth of 
2200 m. The rearrangement of the pressure pattern due to the construction of the 
second tunnel resulted here in deformations of the first which attained over some 
sections a magnitude of almost half a metre. During the enlargement of the 
London Underground the tubings of several existing tunnels at Piccadilly Station 
broke when the new crossing tunnels were constructed. 

Where, in anticipation of future traffic requirements the construction of a 
double-track tunnel is decided upon, consideration should be given to the possi¬ 
bility of a two-stage development, i.e. to that of constructing a single-track tunnel 
first and enlarging it to accommodate a second track only when this is actually 
justified by the increased traffic density. In stable soils or rocks a two-stage devel¬ 
opment of this kind is well feasible and may offer economical advantages, as 
demonstrated by the example of the section along Lake Baykal of the Trans- 
Siberian Railway (Fig. 2/52). 

In designing the tunnel cross-section, allowance should be made for super¬ 
elevation in curves, as well as for the accommodation of drainage and ventilation 
facilities. These will be dealt with in greater detail later in the appropriate chapters. 
It should only be noted here that in the interest of improved ventilation the 
entrance sections of road tunnels are constructed with a higher cross-section than 
the central part. The profile of the tunnel will thus resemble a funnel ensuring 
continuous draft in the tunnel even without artificial ventilation (cf. Section 46.52). 
Enlarged portal sections also result in improved lighting conditions (cf. Section 
46.61). 
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Common internal dimensions of railway tunnels are shown in Table 2/VI, 
but similar information can be obtained from Tables 1/1 and 2/1 as well. 


Clear Dimensions of Railway Tunnels Table 2/VI 


Country 

Double-track tunnels 

Width (m) 

Height of arch above rail 
level (m) 

Italy 

800 

600 

France 

8 0-8 20 

5-80-600 

Germany 

8-20-8-50-8-70 

6-20 

Austria 

8-20 

6-40 


Single-tra< 

:k tunnels 

Italy 

4-60-5-50 

500 

Austria 

5-50 

500 

Switzerland (Ricken-tunnel) 

5-20 

5-80 
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CHAPTER 3 


ANALYSIS OF LOADS ON TUNNELS AND 
UNDERGROUND STRUCTURES 


The most important potential loads acting on underground structures are earth 
pressures, i.e. rock pressure and water pressure. Moving (live) loads due to vehicle 
traffic on the surface can be safely neglected unless the tunnel is of the cut and 
cover type, i.e. the depth of overburden is very small. Neither the loads resulting 
from vehicles moving in the tunnel, nor from the material conveyed therein, 
e.g. water, are usually taken into consideration unless the tunnel is close to the 
surface, or in loose soil of very low bearing capacity. Exceptions to this are 
water pressure tunnels. 


3.1. CAUSES AND TYPES OF ROCK PRESSURE 

Rocks in nature, especially deep lying ones, are affected by the weight of the 
overlying strata and by their own weight. Stresses develop in the rock mass 
because of these factors. In general every stress produces a strain and displaces 
individual rock particles. But to be displaced a rock particle needs to have space 
available for movement. While the rock is confined, thus preventing its motion, 
the stresses will be accumulated or stored in the rock and may reach very high 
values, far in excess of their yield point. (It has been proved by Karman that 
apparently rigid materials such as solid rock and concrete may be stressed beyond 
their plastic-limit in this confined condition.) As soon as a rock particle, acted 
upon by such a stored, residual or latent stress, is permitted to move, a displace¬ 
ment occurs which may take the form either of ‘plastic flow’ or ‘rock bursts' 
(popping) depending upon the deformation characteristics of the rock-material. 
The displacement may be of an elastic nature, should the elastic limit of the rock 
material not be exceeded by the residual stresses. 

Thus, whenever artificial cavities are excavated in the rocks forming the external 
crust of the earth, the weight of the overlying rock layers will act as a uniformly 
distributed load on the deeper strata and consequently on the roof of the cavity 
excavated. The resisting forces - as passive forces (shear strength) - are scarcely 
mobilized prior to the excavation of the cavity, since the deformation of the loaded 
rock mass is largely prevented by the adjacent rocks. By excavating the cavity 
opportunity is given for deformation towards its interior. In order to maintain 
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the cavity, the intrusion of the rock masses must be prevented by supporting struc¬ 
tures and the load acting thereon is referred to as rock pressure. This terminology 
also indicates that the magnitude of pressure is greatly affected by the magnitude 
of the deformation produced. 

The determination of the magnitude of rock pressure is one of the most intricate 
problems in engineering science. This complexity is due not only to the inherent 
difficulty of predicting the stress conditions {primary stresses) prevailing in the 
interior of the the non-uniform rock mass, but also to the fact that in addition 
to the strength properties of the rock the magnitude of secondary pressures 
developing after excavation around the cavity is governed by a variety 
of factors, such as the size of the cavity, the method of its excavation, rigidity 
of its support and the length of the period during which the cavity is left 
unsupported. 

Within any particular rock the pressures to which it was exposed during its 
history are best indicated by the pattern of folds, joints and fissures, but it would 
be extremely difficult to determine how far these pressures are still latent. There is, 
in addition, a significant difference between the internal stress condition of rocks 
and soils. Soils - particularly gravel and sand - were deposited uninterruptedly 
and uniformly and this regular sedimentation and stratification was but rarely 
disturbed by external forces. (The probability of external disturbance increases 
with the age of the formation.) In soil mechanics only vertical stresses due to the 
weight of the overlying layers, and horizontal stresses resulting from lateral defor¬ 
mation - determined with the help of Poisson’s number - are taken into consider¬ 
ation. According to Talobre this approach cannot be accepted in rock mechanics. 
At first a similar differentiation of internal stresses according to the orientation 
of layers would be unimaginable there. Yet even in this case groundwater condi¬ 
tions, settlement and plastic properties ought to be considered as these all tend 
to bring about an equalization between vertical and horizontal stresses. In rocks, 
similar effects need not be considered. In sedimentary limestones or in rocks crys¬ 
tallized from the molten state, for example, there are frequent indications from 
which the existence of an initial hydrostatic, rather than an oriented stress distri¬ 
bution may be concluded. The enormous changes produced by tectonic effects 
act in the same stress field. Tectonic effects act in a sense opposite to gravitational 
ones. The rock joints and fissures are seldom vertical and bear signs of the numer¬ 
ous changes which they have undergone in the course of time as a result of 
various external effects even within the same block of rock. 

In soils, especially in clays, it may frequently be observed that lateral pressures 
do not develop in accordance with lateral deformations but undergo a gradual 
transition from this initial stage to hydrostatic stress conditions. This process is 
stimulated and aided by repeated seismic movements which contribute over a 
lengthy period to the equalization of stratification, fissuration and the effects of 
other irregularities. 

In the hydrostatic state, however, the principal stresses are of equal magnitude 
and perpendicular to each other, i.e. shear stresses are zero. This assumption 
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was made by Heim as early as 1878 for stress conditions prevailing at great depths. 
Tunnelling practice was unable to furnish even general support for this theory 

because of the wide variety of factors involved. 

There is a further difference between rocks and soils, especially granular soils, 
in their stress-strain curves; those of the former being dependent on three variables 
(cf. Fig. 2/10), i.e. load and deformation and also time. 

According to Terzaghi secondary rock pressure in general, should be under¬ 
stood as the weight of a rock mass of a certain height above the tunnel whici 
when left unsupported would gradually drop out of the roof, and the only con¬ 
sequence of installing no propping would be that this rock mass would fall into 
the cavity. Successive displacements would result in the gradual development o 
an irregular natural arch above the cavity without necessarily involving the 
complete collapse of the tunnel itself. Earth pressure, on the other hand, would 
denote the pressure exerted by cohesionless, or plastic masses on the tunnel 
supports, without any pressure relief which would - in the absence of supports 
sooner or later completely fill the cavity leading to its complete disappearance. 

The magnitude of earth pressure is, in general, independent of the strength 
and installation time of the supporting structure and it is only its distribution 
which is affected by the deformation of the latter. The magnitude of rock pressures, 
on the other hand, is influenced decisively by the strength and time of installation 
of props This is because- the deformation following the excavation of the cavity 
in rock masses surrounding the tunnel is of a plastic nature and extends over 
a period of time. This period required for the final deformations and, thus, for 
the pressures to develop, generally increases with the plasticity of the rock and 
with the depth and dimensions of its cross-section. The magnitude of deformations 
and consequently that of stresses can, therefore, be limited by sufficiently strong 
propping installed at the proper time. It should be remembered, however, that 
the intensity of plastic pressures shows a tendency to decrease with increasing 
deformations. Furthermore the loads are carried both by the tunnel lining and 
the surrounding rock and every attempt should be made to utilize this co-op 3 r- 

at According to one of the authorities on tunnelling, Professor Rziha, 'The true 
art in tunnelling lies in the anticipation of the development of large rock pressures 
which is far more effective than to find the means of resisting rock pressures which 
have already developed. This contrast is similar to that existing between mental 
work and physical labour.’ This remark holds however mainly for rock, whe¬ 
reas in soils with plastic deformation qualities, the acting pressure will be rat¬ 
her reduced by the yield of supports. 

The reasons for the development of secondary rock pressures can be classified 
according to Rabcewicz in the following three main categories: 


1. Loosening of the rock mass 

2a. The weight of the overlying rock masses 

2b. Tectonic forces 
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3. Volume expansion of the rock mass, swelling due to physical or chemical 
action. 

These reasons lead in general to the development of the following three types 
of rock pressure: 

1. JLoosening pressure 

2. Genuine mountain pressure 

3. Swelling pressure. 

The conditions under which tljese develop, the probability of their occurrence 
and their magnitude differ greatly from one another and require the adoption 
of different construction methods. The possibility of their simultaneous action is 
nevertheless, by no means excluded. The combined action of genuine mountain 
pressure and swelling pressure particularly must be taken into account and it is 
difficult to discriminate between them. 

The type of rock pressure encountered will depend mainly on the quality of 
rock and on the depth of the tunnel. As regards probable rock pressure conditions 
three basic groups are distinguished by Rabcewicz: 

(a) solid rocks 

(b) pseudo-solid, soft and weathered rocks 

(c) loose rock (soils). 


3.11. ROCK PRESSURE DUE TO LOOSENING 

Of the pressure types listed above loosening pressure and its development may 
be dealt with first because it is characteristic of the process of the development of 
secondary pressures in general. Because of the deflection of the loaded roof the 
behaviour of the overlying rock mass above the excavated cavity is, according 
to Rabcewicz, similar to that of a soil mass piled up in a silo provided with a slot 
at its bottom, which in turn is closed by a downward moving cover plate. Loosening 
pressures will more closely resemble silo pressures the smaller the cohesion of the 
soil mass. 

When the slot is opened the pressure drops suddenly to a minimum value but 
increases again gradually as the slot is opened wider, without attaining, however, 
the intensity of the original geostatic pressure acting on the cover (Fig. 3/1, 
experiment of Kunczl). If the slot is left open, i.e. the roof is unsupported, a wedge- 
shaped mass will gradually drop out from the overlying rock mass into the cavity 
until equilibrium corresponding to the changes in stress conditions is re-established. 
First the rock mass 1 will drop out from the centre (Fig. 3/2) and the movement 
will extend sidewards and upwards in the shape of a pointed arch until the half 
arches become capable of supporting each other at a certain inclination angle a. 
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The angle a is in direct ratio to the cohesion of the particular soil. The height 
of the arch is approximately 


' max 2 tan a/2 2 sin <f> ’ 

(cf. the theories of Terzaghi and 
Protodiakonov ; Sections 32.314. 
and 32.324.). It may be con¬ 
cluded frojn this that the magni¬ 
tude of pressure is proportional 
to the area of the wedge, i.e. it 
increases as the square of the 
span of the cavity. A phenome¬ 
non frequently observed in cohe¬ 
sionless soils is the development 
of such chimney-like natural up- 
breaks if the installation of sup¬ 
ports is delayed. The roof of nat¬ 
ural caves also displays a similar 
shape. The weight of the loosen¬ 
ed. propping wedge is thus re¬ 
sponsible for the loosening pres¬ 
sure, which acts on the tunnel 



Fig. 3/2. Upbreaking process of wedge above 
roof cavity 
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supports. This pressure can, thus, be traced back primarily to the deficiencies 
of excavation and secondly to those of temporary underpinning, its magnitude 
depending consequently on the care exercised during construction. Excessive 
blasting and careless overbreak may, for example, result in considerable pressures 
even where the solid rock would otherwise require no support at all. Blasting 
operations should therefore not be carried out in the vicinity of the boundaries 
of the excavation unless unavoidable, and less active explosives should be employed 



Overbreak if unsupported section Overbreak if unsupported section 

is very short / s long 

Fig. 3/3. Increase of overbreak as a function of the length of unsupported section 
(after Terzaghi) 

for such work. The perimeter should be excavated to its final dimensions pref¬ 
erably by hand tools, or pneumatic hammers. The installation of the temporary 
supports offers another opportunity for the development of loosening pressure. 
The height of the loosened zone increases with time and the longer the section is 
left unsupported the greater span will develop to be overbridged. The load-bearing 
capacity of the rock around a cavity decreases, or the amount of overbreak 
increases as the square of this span (Fig. 3/3). There is always a gap left between 
the lagging and the excavated face (overbreak). 31 Cavities remain behind the 
forepoling spiles driven (especially when breaking out the crown segment owing 
to the repeated change in the direction of the spiles, cf. Fig. 6/24). The upper row 
of lagging settles together with the cap beam as the packing - wedges are replaced 


3,1 Muller, L.: Der Mehrausbruch in Tunneln und Stollen, Geologie u. Bauwesen 1959 
24 3-4 
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by blocking (cf. Fig. 6/24) v The bearing surfaces of the side posts are pinched 
and even the sill beams may be pressed into the soil. These inaccuracies may 
involve a crown settlement of 10-20 cm, but in excavating the top heading or 
the full face, the settlement of the crown may attain as much as 50-100 cm. 
The necessity for erecting the supports rapidly and accurately to minimize the 
extension of loosening, affects the selection of the construction method. This type 
of pressure may be reduced effectively by the shield method, and by the cross-bar 
mining methods if interstitial dimensions are smaller and the rigidity of supports 
is higher than in the longitudinal beam methods and which are, consequently, 
superior to the latter. Continuous construction methods are similarly superior 
to ring-section methods (cf. Section 62.1). 

When excavation is carried out without proper care, at shallow depth and in 
loose rock, the loosened range may extend to the surface and appear there in 
the form of open rupture lines. The loosening pressure in this case equals the full 
geostatic load. 

The height of the loosening zone will be determined otherwise by the rise of 
the natural load-transmitting arch developing in the rock, or by the position of 
an overlying resistant rock layer capable of carrying the developing rock pressure. 

Stress conditions produced by loosening will the more closely resemble pressure 
conditions in silos the less cohesive is the soil. Similar effects will act unquestion¬ 
ably in cohesive soils as well, except that both processes, i.e. the increase of pressure 
and the new state of equilibrium, will be established after a longer period than in 
granular soils, and the lower the minimum pressure the higher the cohesion 
will be. 

The largest extent of loosening, expressed as a percentage of volume is, according 
to Stini (cf. Section 32.321, Kommerell’s theory): 


Sand, fine gravel 
Slightly cohesive loam 
Loam, coarse gravel 
shale, shale marl 

Marl, clayey gravel, weathered sandstone 

Hard clay 

Weathered rock 

Solid rock with short fissures 

Diabase gravel 15/30 mm 

Solid rock, greatly fissured 


Transitory 

Permanent 

10-20 

1-2 

- 

2 

25-50 

3-5 

25-30 

4-6 

25-30 

6-8 

30-50 

8-10 

30-50 

8-10 

35-50 

8-15 

45 


40-55 

10-25 


It should be noted that tunnel linings must be dimensioned in most instances 
to resist either geostatic or loosening pressure. 


140 


ANALYSIS OF LOADS 


In a broader sense any pressure due to the weight of the rock mass within the 
boundaries of the protective zone (Trompeter zone, stress-free body) may also 
be referred to as loosening pressure. This rock mass is largely fissured and broken 
by the redistribution of stresses in the interior of the rock mass - following the 
excavation of the cavity - and has lost its load-bearing capacity. 

Solid rocks transfer the load acting on them by beam action to the sound 
supports, while in loose rocks and soils load transfer to the undisturbed lateral 
parts is bound to rely on friction developing during mass displacement. Deforma¬ 
tion occurs in both cases, but whereas in rocks this is necessarily limited, in prin- 

») b) 



I 

Probable maximum 
breakdown if unsup¬ 
ported 



0-25 b 


Fig. 3/4. Extension of ultimate overbreak if no support is installed with 

(a) horizontal stratification; ( b ) vertical stratification (after Terzaghi) 


ciple, to the deflection of the beam, in soils it must be of a magnitude sufficient 
to mobilize a frictional force along the sliding surface capable of transmitting the 
additional loading. The load-transferring formations developing in vertically and 
horizontally stratified rocks over unsupported cavities are shown in Fig. 3/4, 
while the same is shown for soils in Fig. 3/5. At first the load exceeds the bending 
resistance of beams formed by the individual layers and determined by the width 
of the open cavity (the span) and by the thickness of the load-transmitting layers. 
Consequently those layers next to the cavity fail and break down. Deflections and 
bending stresses decrease, however, with the height above the cavity, as the spans 
become smaller due to the cantilever action of the failed layers (corbel arch). 
Beyond a certain limit (which is mostly at 0-5 b in solid rocks and B + m in 
loose sands) the stresses developing over the diminishing spans no longer exceed 
the bending resistance of the rock or the compressive and shearing strength of the 
soil, respectively. The thinner the layers, the lower the resistance of the rock and 
the more pointed and the higher the arch will be. The caving zone is overlaid by 
one of deformations within which the strains gradually become elastic. A certain 
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time is, however, required to elapse before this phenomenon develops fully and 
the length of this period increases with the plasticity of the rock. It has already 
been mentioned that the rupture loosening process can be limited by installing 
artificial supports and the development of the protective zone can be speeded up. 
Consequently, the shorter the period for which the roof is left unsupported the 
smaller the zone affected by loosening and so the smaller the load on the lining 
will be. 

Before proceeding to a more detailed discussion of genuine mountain pressures 
let us investigate more closely the process of development of rock pressures in 
general as it has been investigated and described by Brandau, Wiesmann and 
Willmann, and demonstrated experimentally by Leon and Willheim. This process 
defines how primary pressures are converted in the vicinity of the cavity - as a 
consequence of its excavation - to secondary pressures. 

An undisturbed horizontal surface element in the interior of the undisturbed 
soil or rock mass is acted upon by the weight of the overlying soil, or rock column, 
constituting the vertical force referred to as geostatic pressure: 

It 

Pv= X ?,A - 

i-1 


(3.1) 
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The horizontal force, on the other hand, may vary between very wide limits 
and is dependent upon the magnitude of lateral deformations. In undisturbed 
solid rocks the horizontal pressure is very likely to be much smaller than the ver¬ 
tical one and their relative magnitude can be expressed with the help of Poisson’s 
number derived by the ratio of vertical to horizontal elastic deformations. If it 
is assumed that lateral deformation is entirely prevented, then the specific hori¬ 
zontal deformation 


and because 
and 



_ Pv + Ph 
m 



e„ = pJE, 



1 P 

-r or-—— . 

m — 1 1 — /i 


where /t = — = Poisson’s ratio and consequently 
m 


P 

Ph Pv * 

1 - n 

It must be noted strictly, however, that this applies only to elastic deformations 
and must not be used where plastic deformations are encountered. 

In rocks, however, which have undergone folding in the course of their geological 
history, the horizontal pressure may vary in magnitude from a value corresponding 
to undisturbed conditions to one approximating the crushing strength of the rock, 
depending on whether the lateral thrust causing the fold has ceased to exist or is 
still latent. 

There being no method available for predicting the horizontal pressures actu¬ 
ally prevailing in the interior of the rock, their magnitude can only be estimated 
from external manifestations (such as propping of the sides at moderate depths). 
Yet, as will be seen, the role of horizontal pressures in the development of genuine 
mountain pressures is considerable. 

A solution for the analytical determination of stresses developing around a cir¬ 
cular cavity in elastic media was given by Mindlin . 1 ' 2 Owing to the uncertain 
magnitude of horizontal pressures, three fundamental cases are discussed: 

1. The hydrostatic stress condition, where 

Ph=P„ = yh- ( 3 . 2 ) 

3 ' 2 Mindlin, R. D.: Stress Distribution around a Tunnel, Proc. Am. Soc. Civ. Eng. 1939 
Apr. 619-642 
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II. Horizontal pressures sufficiently large to confine lateral deformation and 
increasing linearly with the depth, where 


Ph = Pv 



(3.3) 


III. The case of no lateral pressure, i.e. where p h = 0. 


The results derived are theoretically correct, but the solutions are highly involv¬ 
ed : the bipolar co-ordinate system of Jeffery is used and the results are expressed 
in terms of transcendent functions. 

For the first case an approximate solution is given by Kerisel, according to 
whom the tangential stresses can be computed from the relationship 


a t = yh\i + — 2 - 


the radial stresses being given as 


a r = yh 



where h = the depth of cover 

a = the radius of the circle 

r = the distance of the point under consideration. 

The distribution of secondary stresses along the horizontal diameter based on 
these expressions is shown in Fig. 3/6a. At the perimeter the tangential stress will 
increase to double its original value, while the radial stress will be zero. 

Proceeding away from the perimeter the tangential stress will gradually decrease, 
Ahereas the radial stress will increase towards unity, i.e. to the original stress 
condition. As will be seen, beyond the value r/a > 4 the stress increment induced 
is less than 6%, so that the extent of the disturbed stress, zone may safely be taken 
as twice the width of the cavity. In the exact theory derived by Mindlin the 
influence of depth is also considered, i.e. the deeper the location of the cavity, 
:he smaller will be the stress peak, but the larger will be the extension of the 
disturbed stress zone. 

The disturbance of the original state of equilibrium produced by the excavation 
of the cavity will, thus, extend not only to- the zone above the roof but also to 
t he rock masses under the cavity and at both sides of it. According to WiLLMAtfN 
the process can be visualized as in Fig. 3/6b. Following the excavation of the 
cavity of width b the load bp is transferred to the adjacent intact rock walls in 
which the stress is increased thereby to p v The stress increment p' decreases 
gradually to zero in the undisturbed range (2). The peak ordinate p x , i.e. the 
magnitude of the stress increase p', as well as the extent of the range disturbed 
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Theoretical redistribution of stresses 



Fig. 3/6. Redistribution of stresses around the hole 

(а) on the basis of elasticity theory (Mindlin— Kerisel); 

(б) according to Willmann’s practical observations 


depend on the quality of rock and on the depth at which the tunnel is located. 
From practical experience gained in plastic rock the stress appears to increase by 
50% and the width of the disturbed range may be up to three times the width 
of the tunnel. In rigid rock, on the other hand, the stress may increase to twice 
the original value (Mindlin's theory of elasticity) but the extent of the disturbance 
is limited to about another width of the cavity itself. 

The rock, in turn, in its partly unconfined state is incapable of resisting the 
increased stresses and will gradually fail in the course of the process outlined in 
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Fig. 3/7, as its load-bearing ability is gradually exceeded in the immediate vicin¬ 
ity of the cavity leading to a consequent redistribution of stresses with a transition 
from state 2 into state 3 as shown in Fig. 3/6b. In this redistribution process the 
rock is either crushed or suffers plastic deformation, and the process is, thus, 
the development of the previously mentioned loosening process i.e. that of an 
inert stress-free body. 

Development of rock-pressure 



This process is illustrated in Fig. 3/7. The weight of rock above the cavity acts 
as a load on its roof (I) deflecting the roof beam. The rock masses follow this 
movement and become cracked and loosened by bending (II). Owing to bridging 


10 Sz6chy: The Art of Tunnelling 
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action the side walls receive additional reaction forces as supports of the over¬ 
bridging beam, or arch. If the resultant load exceeds the unconfined compressive 
strength of the rock wall, its edge will crush and pop out, and the thrust line shifts 
further inward until the magnitude of-the increased stress decreases to the strength 
of the rock, the stress-condition of which changes towards the interior from an 
unconfined to a confined one (Ilia and b). As a further result of this redistribution. 



Fig. 3/9. Order of succession of fractures observed 
in Leon’s compression tests around a hole 
in a perforated marble slab 


the vertical overload at the bottom level of the cavity induces lateral pressures in 
the rock under the cavity as well. This lateral pressure, in turn, gives rise to vertical 
pressures acting upward towards the unsupported floor of the cavity. Thus, the 
rock forming the invert will be subjected to an upward-directed bending, producing 
phenomena similar to those taking place at the roof, but on a reduced scale. This 
bending crushes and loosens the rock of the invert (IV). In this manner a con¬ 
tinuous fissured and crushed zone is gradually developed around the excavated 
cavity. The rock in this zone is incapable of resisting stresses, and no longer 
participates in the transmission of loads. It forms the so-called stress-free body, 
but its weight acts as an inert mass on the structure supporting the excavated 


V 
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cavity. Under this load the supporting structure suffers further deformation 
towards the cavity which, in turn, leads to further loosening, and so to the fully 
continuous formation of the stress-free body. The new state of equilibrium is 
gradually reached in this way (V). 

The development of stress-free zones around a tunnel section excavated in 
several stages is shown in Fig. 3/8. The shape of these zones depends, naturally, 
not only on the shape and dimensions of the cavity but also on geological con¬ 
ditions. The time factor which plays a decisive part in the development of the 
protective zones must by no means be neglected. The deformation of rocks has 
been shown to be a process extending over a certain period of time (cf. Fig. 2/10). 
A certain lapse of time is therefore required for the development of the protective 
zone which is a function of the nature of the rock (elastic or plastic), of the magni¬ 
tude and depth of the cavity, and the rigidity and installation time of supports. 
Cases are known where the lining was completed before this development ter¬ 
minated. A very frequent cause of failure of tunnel linings is, in fact, the delayed 
development of the protective zone, or the too early construction of the rigid 
lining. The development of the protective zone is of fundamental importance in 
tunnelling. Without such zones the construction of tunnels at several thousand 
metres depth would have been impossible. 

The above phenomena were demonstrated experimentally by Leon, who used 
perforated marble blocks for his experiments. Cracks due to flexural tension were 
obseryed to develop first at the roof and at the floor along the boundaries of the 
cavity when placed under compression (Fig. 3/9), which led at first to a stress 
relief at the side-walls. As the load was increased external roof cracks opened (3), 
starting at about 45 degree inclination and converging at the centre, while at the 
same time the first tension cracks (1) and (2) closed slightly. The appearance of 
such cracks (3) could not be observed at all in the blocks perforated with circular 
holes. These cracks are therefore obvious indications of the fact that the shape 
of the cavity attempts to adjust itself to the stress flow. Popping of the side walls 
occurred as the load was still further increased (4). The side walls themselves 
'uflered elastic deformation and where their yield in any other direction was 
prevented, they moved towards the cavity. Partial failure of the cross-section was 
followed by the redistribution of stresses everywhere. As, after popping of the 
-ide walls, the compressive stresses shift towards the still sound part of the cross- 
ection. only compressive stresses will prevail above and below the cavity once 
the roof and invert are cracked. The cracked zones become compressed and bulge 
'imilarly towards the cavity. Owing to this bulging effect temporary roof pressures 
may considerably exceed the value corresponding to the weight of the stress-free 
body developed. The pressures actually developing are, however, not only vertical 
but horizontal as well, the latter in the form of a passive resistance preventing 
the deformations due to lateral expansion and corresponding to Poisson’s ratio, 
rather than in the form of a direct force. The lateral pressures, in turn, prevent 
the development of tensile cracks in the roof and the floor and this is why tension 
cracks are seldom observable in practice in these places. 


to* 
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3.12. GENUINE MOUNTAIN PRESSURE 

Let us now proceed to a discussion of genuine mountain pressure. This phenom¬ 
enon will appear when the secondary stresses developing around the excavated 
cavity, exceeding the primary stresses prevailing in the undisturbed condition, 
exceed the strength of the rock material not only in the roof but jn the side walls 
as well, i.e. they attain an order of magnitude lying at the limit of plasticity. This 
condition may be produced,however,not only by the fact of the absolute proxim¬ 
ity of the excavation proper (i.e. by the stress superposition involved) but may 
be encountered anywhere, where the rock has been originally in a so-called 
latent-plastic state. This denotes the condition where the plastic-flow of the rock 
has been prevented by its confined state, i.e. its plastic deformation was prevented 
by the surrounding masses. It is known from Karman’s experiments, that under 
compound (triaxial) compression (i.e. under perfect prevention of lateral expan¬ 
sion) even the most rigid and solid rock materials (including concrete) may be 
brought into a plastic state. Consequently, whether any rock material at any 
depth may be brought into such a stress condition is in practice merely a function 
of the magnitude of the applied pressure (depth of the overburden), of the compres¬ 
sion strength of the material and of the degree of the prevention of lateral expan¬ 
sion (side-pressure coefficient, lateral rigidity, etc.). 

This condition cannot be manifested, however, until plastic deformation 
takes place, i.e. until the lateral support (confinement) either as a consequence of 
its insufficient supporting capacity or of its entire removal (excavation of a cavity) 
is eliminated. When dealing with genuine mountain pressures it is not forces 
but movements which have to be considered; movements brought about by break¬ 
ing out a cavity and extending over definite surrounding. Forces will become 
apparent only when attempts are made to prevent these movements. The formation 
of a protective zone or stress-free zone will come to realization here through the 
gradual extension of the movements of the adjacent zones and through the gradual 
decrease in its intensity. 

Genuine mountain pressure is, thus, essentially some revelation of geostatic 
(overburden) pressure, the magnitude of which depends largely on its geological 
structure and on its tectonic disturbance. 

Genuine mountain pressure is, thus, a sort of primary pressure. The transfor¬ 
mation process itself is initiated, according to Kastner, 3 ' 3 essentially at that 
moment when the secondary tangential pressures acting on the side walls attain 
about double the primary value as a result of the stress redistribution described, 
and exceed the unconfined compressive strength of the rock. Thus, the side wall 
fails and breaks in or, at least, the rock is brought within a certain zone into 
a plastic state in which its resistance is exhausted. 


3 3 Kastner, H.: Uber den echten Gebirgsdruck beim Bau tiefliegender Tunnel, Ost. 
Bauzeilschrift 1949 10—11 
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Genuine mountain pressure with its inherent magnitude is thus of a temporary 
character only and will manifest itself in a form depending on the rock group 
classification given by Rabcewicz quoted in the introduction. 

Evidence is supplied in solid rock by popping at the side walls, or even spal¬ 
ling on the roof and floor, and exceptionally by some scaling observable at the 
ground surface. Thus, it is actually responsible, in general, for the development 
of an oval self-supporting cavity corresponding to the redistributed pressure 
pattern, i.e. for the crushing of the rock lying beyond the excavated cavity, 
and consequently it initiates the development of the protective zone men¬ 
tioned above. 

In pseudosolid rocks the development of the protective zone is a much slower 
process and is characterized by their plastic intrusion into the excavated cavity 
instead of successive fracturing around it. This plastic encroachment, in turn, 
is made possible by the plastic properties of the rock. The rock in this disturbed 
zone of stress-relief is at a plastic limit rather than in a crushed state. In the 
development of the protective zone the pseudosolid rock becomes loosened as 
a result of the stress reduction ensuing at the boundary of the cavity, and of the 
subsequent plastic deformation. The decrease in stress intensity computed after 
Fenner as a function of the deformation is shown by Mohr. 3 4 In similar cases 
when there is no time to wait for the full development of plastic deformations the 
use of a compressible bedding behind the rigid lining - in this particular case 
boiler ash - is suggested by Mohr. This layer would absorb most of the deforma¬ 
tions by its own consolidation and would, thus, relieve the lining of the correspond¬ 
ing part of the load. It should be noted that the higher the stresses and the softer 
the rock, i.e. the more pronounced its plastic properties are, the farther away 
from the cavity the peak stress will shift and the wider will be the extension of the 
stress disturbance (cf. Fig. 3/6). The plastic deformation initiated will exert 
a direct pressure, genuine mountain pressure, on the supporting structure. The 
magnitude of this pressure will increase in proportion to the attempts to exclude 
the reck material from the cavity, i.e. the more tightly spaced rigid linings will be 
applied. Since deformations last until the protective zone is fully developed, and 
in such rocks this may be delayed for several months, early supports may also 
entail adverse consequences. Genuine mountain pressure accompanying deforma¬ 
tion may attain - depending on the depth of overburden - an order of magni¬ 
tude of several thousand tons per square metre and there is no temporary support 
system capable of resisting such a pressure. In such cases the immediate installa¬ 
tion of the supports may prove harmful and if the permanent lining must be 
constructed before the full deformation can develop, an unfilled gap should be 
left between the extrados of the lining and the rock, or this gap should be filled 
with a compressible, material such as slag. 


31 Mohr, F.: Kraft und Verformung in der Gebirgsmechanik untertage, Vortrdge der 
Baugrundtagung 1956, W. Ernst, Koln 1957 
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The poorer the strength of rock the smaller the cover depth required to produce 
genuine mountain pressures. For example, in marl and clay-shale genuine moun¬ 
tain pressure may be encountered at a geostatic pressure of 200 tons/m 2 ; in lignite, 
under an overburden depth of 30-40 m it is at a geostatic pressure of 60-80 
tons/m 2 . This is frequently accompanied by swelling pressures (cf. Section 31/3). 
The only remedy against the occurrence of pressures of this type is the continued 
removal of the intruding material during construction. The material tends to 
intrude into the cavity from both sides, and from the roof and bottom alike, 
so that it is manifested both in roof settlement and also in bottom upheaval. 
Initiated movements are usually slow and not necessarily instantaneous, but 
generally cannot be forestalled. 

Whereas in counteracting loosening pressure the most effective construction 
method is for the cavity to be excavated as fast and with as little settlement as 
possible followed by support at the earliest possible moment with a rigid and 
permanent structure, in the case of genuine mountain pressure the type of rock 
must be first ascertained. The methods required for supporting the excavated 
cavity against genuine mountain pressure will be entirely different in solid rocks 
than in pseudosolid ones. The occurrence of genuine mountain pressure in solid 
rock is altogether exceptional and reveals itself in popping which, however 
unpleasant during construction, does not affect the final stability of the tunnel. 
Linings of moderate thickness cast with relative rapidity tightly against the rock 
wall have been found to ensure the required solidity. A rigid lining should be 
required everywhere, but especially at the roof. In pseudosolid rocks, on the other 
hand, (such as clay, clayey shale, phillite shale, crushed and modified gneiss, etc.) 
the early construction of the lining has been found to lead to failure whenever 
the plastic state of stress has developed. Temporary supports especially must not 
be designed to resist genuine mountain pressures. No practical means are avail¬ 
able to resist these tremendous pressures and therefore the development of 
the protective zone must be awaited. This is a question of time and space. It 
is essential to provide for easily replaceable temporary supports. The pressure 
of the material intruding forcibly along the unlagged sides, can be com¬ 
pensated for most effectively by continuous yielding. This can be effected 
in three different ways: 


1. By prolonged maintenance, repeated replacement and renewal of the tem¬ 
porary timbering until the deformation process is completed; 

2. By the use of yielding supports; 

3. By leaving a space between the extrados of the lining and the rock (cf. 
Fig. 3/10). 

In the last case the possibility of grouting should be provided for. The structural 
advantages of grouting are illustrated in Fig. 3/75. 
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Concerning the extent of the plastic zone developing around a ^ar sectio 
and the important role of lateral pressures, a theory has been expounded by Kast 
ner 3 5 which using the notations of Fig. 3 / 11 , will be reproduced below. 



F, °' 3/1 °- pressures at a function of lining deformation, representing the pressure 
reducing, effect of compressible bedding (after Fenner) 



F G. 3/11. AiiDtltb ll of Kastner’s theory ^ 

-Kastner, H.: fiber den echten Gebirgsdruck beim Bau tiefliegender Tunnel, Os, 
Bauzeitschrift 1949 10—11 
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Considering the state of stress developing in the vicinity of a circular cavity, the radial 
stresses a r at the boundary will be seen to diminish to zero for lack of any internal support. 
At the same time the tangential stresses a, assume peak values, which are in excess of the 
strength of the rock, leading to a plastic stress-condition. The deeper the tangential stresses 
propagate inward into the rock their magnitude will decrease in proportion to the increase 
of cross-sectional area affected until at a certain distance it will fall below the elastic limit 
beyond which the rock will remain in the elastic stress condition. On the other hand, the magni¬ 
tude of radial stresses will increase within the plastic zone towards the interior of the rock, 
since the particles of the plastic material, being acted upon by the tangential stress as a normal 
force and under the influence of friction, will be more and more capable of resisting radial 
shearing stresses. This variation of stresses is well illustrated by a numerical example by 
Kastner (Fig. 3/12). In the case when the external stress is increased by opening a cavity to 
twice its original value p, this value according to the elasticity theory remains below the uncon¬ 
fined compression strength of the rock a ny \ the distribution of radial <r, and tangential a, 
stresses is shown on the figure by the dashed line. This case is compared with that in which 
2 p > a nr (full line). 



Fig. 3/12. Development of radial and tangential stresses 
around a circular cavity in elastic 
and in plastic rock (Kastner) 



Fig. 3/13. Stress—strain diagram of an ideal plastic material 


0 









Fig. 3/14. Relation between normal and shearing stresses at the plastic limit condition 


The boundary of the plastic zone developing around the circular cavity was determined 
by Kastner on the basis of the following consideration: 

The rock material was assumed to be an ideally plastic material having a stress-strain 
curve similar to that in Fig. 3/13. By adopting Mohr’s theory of failure and with reference 
to Fig. 3/14 the limit condition for plastic deformation can be expressed as 


1 + sin <p cos <p 

°,p ~ o,p -—r - 2c -r— = 0 . 

1 — sin <p 1 — sin 0 


(3.4) 


On introducing Airy’s stress function it is derived further that 



where 

1 + sin </> 

'’P ~Z • 7 i 

1 — sin (p 


a = the radius of the circular cavity. 

In the above expressions the strength properties of the rock material only are included 
and these are unaffected by rock pressure for which a hydrostatic distribution (p, — p h = p) 
is assumed. 
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In contrast, the elastic stresses in a disc of infinite length perforated by a circular opening. 


o„ = p |l - -^-j , 

°-- = p I 1 +tt) “7T or " 


(3.6) 


T, = 0. 

At the boundary of the plastic and elastic ranges, where r — r„, the above stresses assume 
the following simple form: 

&rr — 


°l, = 2 p— <J„ 

r, = 0. (3.7) 

On the boundary of the plastic and elastic zones the annular stresses calculated by the 
plastic and elastic theories must be equal. From this compatibility condition the radius r a 
of the boundary circle is obtained as 


2 a nl 

a \h+ 1 


+ P(K~ 1) 


(3.8) 


The extent of the plastic zone calculated in this manner is, however, too small to account 
for the great masses of material found to intrude in practice into tunnels whenever genuine 
mountain pressures are encountered. It should be remembered, however, that the extension 
of the plastic range depends to a considerable degree on the ratio of vertical to lateral pressures 
(A). By starting from the condition of full plasticity, in which 


= 4- (Pt — °r y + T * 



(3.9) 


a theory was derived by Kastner for this case also, but the stresses a„ a, and r were calculated 
from the theory of elasticity. In the above expression yh denotes the geostatic pressure and 
k is the ratio of its unconfined compressive strength, i.e. k — a„,lyh. The formula derived 
on this basis for any direction i j/ is 


cos 2 2<ii 4- 2cos 2i/< 


1 + A 1 - 2* 2 + 3a 4 
1 - A 4 (2 - 3* 2 


1 + AV a 5 
1 — A J 4 (2 - 3a 2 ) 


(1 + 2a 2 - 3a 4 ) 2 , k 2 

4a 2 (2 - 3 a 2 ) + (1 - A) 2 4a 2 (2 - 3?) 


(3.10) 


where a = a/r = the relative distance in a radial direction. 

The boundaries of the plastic range obtained when using this relationship are shown for 
different k values and for the lateral pressure ratios A = 0, A = 0'5 and A = 1 -0 in Fig. 
3/15a. In these drawings the shaded areas indicate the zones where k < 10, i.e. where the 


36 Timoshenko: Theory of Elasticity. Me Graw Hill, New York 1951 79 
Girkmann: Flachentragwerke. Springer, Vienna 1956 142 
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geostatic pressure exceeds the unconfined compressive strength of the rock. Beyond the limit 
X = 0'5 the plastic ranges will be seen to be confined to a defined area, but at relatively small 
lateral pressures they may extend to infinity, starting from the springings at 45°. Adopting 
Mohr’s failure theory instead of the above fundamental equation for r max , the boundaries shown 
in Fig. 3/15b were obtained with </> = 30°, c = 25 kg/cm 2 , h ' = 300 m, y = 2 5 tons/m 3 , for 
various lateral pressure ratios X in a given case. As may be seen a confined plastic zone restricted 


a) b) c) 



Fig. 3/15. Variation of stress isobars around a circular hole as a function of the lateral earth 
pressure coefficient 


to a relatively thin annular area is characteristic when external pressure distribution is uniform 
(X = l'O), while for X = 0 5 the plastic zone is still relatively narrow and closed and is limited 
by a curve returning around the springings. With a further decrease of the X values the exten¬ 
sion of the plastic zones increases rapidly, chiefly in the direction of the 45° diagonals. At a 
ratio X = 0141, the plastic zone extends to infinity. 

When a forced intrusion of external soil masses is experienced in spite of uniform external 
pressure distribution it may be accounted for only by the presence of dilatation pressures 
which is quite common in clays and clayey marls due to an increase in their water content 
upon load release. 3 ' 7 

As is clearly demonstrated by the theoretical evidence presented above, the 
plastic zone in pseudosolid plastic rock will develop around the tunnel in a less 
and less favourable manner as the relative magnitude of the lateral pressure 
decreases and a corresponding increase of genuine mountain pressure is incurred, 
which reveals itself by the intruding earth masses mainly at the springings. The 

: Terzaghi, Proctor and White: Rock Tunnelling with Steel Supports. The Commercial 
Shearing and Stamping Co. Youngstown, Ohio, 1946 
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development of the protective zone around the tunnel is also disturbed by the 
large plastic zone, since the ring of necessarily increased tangential stresses is 
either interrupted or shifted towards the interior of the mountain to such an extent 
as to render it ineffective as far as arching action over the tunnel and load release 
are concerned. 


3.13. SWELLING PRESSURE 

Under certain conditions swellingpressure is encountered in clays, in decomposed 
clayey rocks, or in rocks intermingled with clay strata. The explanation offered 
for this phenomenon by Terzaghi is that with non-uniform stress relief, these rocks 
start to swell in a manner similar to clay. Water is drawn away from adjacent parts 
which have a higher load intensity (pore water migration), whereby swelling is 
intensified, strength is reduced and compressibility is increased. As a result of 
excavation, swelling pressure may be experienced primarily at all inner surfaces, 
especially at the working face, which are left unsupported and are, to a certain 
extent, relieved of the" load as well as the floor and to a lesser extent the sides. 
After opening the cavity pore water will migrate from the more loaded inner 
parts towards the released zones around the cavity. The increase of water content 
at these inner faces is accounted for by this pore-water migration rather than by 
the extraction of water vapour from the intruding fresh air. 

Swelling pressures are of an unpredictable magnitude and may be extremely 
large. Their period of development may vary from a few weeks to several months. 
Initially, i.e. immediately after excavation this pressure is insignificant, then it 
increases at a higher rate and in the final stages the increase is again slowed down. 
In shallow tunnels this pressure may be considerably higher than the geological 
(overburden) pressure and in preloaded clays it may attain intensities as high as 
10-20 kg/cm 2 . Deformations produced result in a reduced load intensity on the 
supports. The method of protection developed from experience consists of impos¬ 
ing no restriction on swelling until this has attained a certain limit, and of construct¬ 
ing the permanent solid lining at a later date. It could be stated in addition that 
the development of the loosening core discussed in the preceding paragraph is 
not hindered by swelling pressure. 

The external manifestations of swelling pressure differ so little from those of 
genuine mountain pressure that it is very difficult to separate them according to 
the inconvenience, deformation and damage caused. This is rendered all the more 
difficult because swelling rocks usually have a low modulus of elasticity and are, 
thus, capable of exerting genuine mountain pressure even at moderate overburden 
depths. Considerable lateral and roof pressures encountered under shallow cover 
in the entrance sections of the tunnel in relatively stable rock indicate that the 
pressure is due to swelling. Exact identification is possible on the basis of physical 
soil investigations only. The danger of swelling exists, in general, in all types of 
clays, in clayey rocks, clayey shales, slates and marls. Several marls display an 
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increased tendency to swelling upon repeated wetting and drying. Pore water 
squeezed out by blasting, subsidence, sliding or by genuine mountain pressure 
may also lead to saturation and to swelling pressures. 

The most familiar among the swelling pressures caused by chemical action is 
that following the transformation of anhydrite (CaS0 4 ) into gypsum (CaSo 4 + 
+ 2H a O = CaS0 4 • 2H 2 0). Besides unwelcome pressure this transformation is 
accompanied by the development of aggressive agents which have a deleterious 
effect on the lining. The decomposition of iron sulphide (FeS 2 ) also results in 
an increase in volume, although in this case the aggressive action is usually the 
more dangerous factor. Volume and pressure increases are further involved in 
the transformation of olivine-bearing rocks into serpentine under the action of 
water and atmospheric effects, as well as in the transformation of rocks containing 
iron oxide into iron hydroxide. The expansion (upheaval, scaling) of shales and 
phyllite rocks accompanied by corrosion, especially if they are rich in mica, iron 
sulphide and other scale-shaped minerals, also gives rise to a certain swelling 
pressure. 

It should be noted that the gradual development of the protective zone can be 
observed in the case of swelling pressure as well. 


3.f4. FACTORS AFFECTING THE MAGNITUDE AND LOCAL TYPES 
OF ROCK PRESSURE 

Rock strength and the residual (orogen) stresses introduced into the rock mass 
in the course of its geological history are the most important factors in the reduc¬ 
tion of the magnitude of rock pressures. Stratification, water content and per¬ 
colation effects are similarly important. The effect of stratification has already 
been dealt with in connection with preliminary geological studies (cf. Section 21.3). 
It should be added here that in the case of tunnels following the strike of steeply 
inclined’ layers, the vertical component of the weight of the inclined strata may 
be larger than the geological pressure related to the tunnel axis, H /sin a > /i 
(Fig. 3/16). In steep hillsides tunnels may be subjected to creep pressures as well 
(cf. Section 31.4), regardless of their direction. Creep is understood here as the 
slow downward motion of rock and soil masses on steep slopes. 

Besides creating direct additional pressure and reducing the internal shear 
strength of particles, water may prevent the development of favourable internal 
prestressing and wedging. The effect of topography has been illustrated in Fig. 2/9 
and it was shown that no uniform pressure distribution can be expected above 
tunnels under ridges even when driven perpendicular to the strike. * 5 Special 


38 Exner, F. M.: Uber den Druck von Sandkugeln, Silzimgsber. Ak. Wiss. Wien, Abt. 2a 
133 7-8 
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Fig. 3/16. Stress isobars around a 

circular hole plotted on the basis of Mohr’s rupture condition 


attention should be devoted in this respect to the tunnel portals which may carry 
increased loads where the layers follow an arch-like (anticline) pattern (cf. Figs 
2/9 and 2/32). The previously mentioned creep pressures (slow sliding of the hangs) 
may also act on the portals. Owing, furthermore, to the smaller overburden depth, 
the development of the protective zone is less complete and extends over a longer 
period of time than at greater depths. Consequently in pseudosolid rocks the full 
geostatic pressure may act on the portals, while further in this may be replaced 
by loosening pressure. 

As already mentioned during the discussion of rock pressures, the eventual 
pressure on the cavity will be affected by the shape, width and height of the 
cavity, as well as by the method of excavation and installation time of supports. 
This influence is due not only to differences in the position of the structural axis 
which govern the load pattern, but also to the interdependence between the 
intensity and distribution pattern of pressures and the shape of the tunnel. 
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3.2. DETERMINATION OF VERTICAL ROCK PRESSURES. 

ROCK PRESSURE THEORIES 

After the general discussion and introduction of rock pressure phenomena the 
preliminary determination ot the magnitude of the secondary rock pressures 
which the tunnel lining must be designed to resist must be dealt with. The first 
problem for any particular case is to ascertain the type of rock pressure likely to 
occur during tunnelling operations on the basis of the geological profile and with 
a knowledge of the physical properties and strength of the rocks encountered 
(primary pressures). It may be concluded from the foregoing considerations that 
only a very approximate estimate of loads can be expected. Prediction of the 
magnitude of genuine mountain pressure is the least reliable, and its occurrence 
is basically a geological problem. The same applies to swelling pressure, although 
in this latter case the role of soil mechanics also becomes important. The deter¬ 
mination of creep pressures is also largely a geological problem, in spite of the 
landslide and slope stability aspects involved. 

The magnitude of secondary rock pressure which will actually act upon the 
tunnel lining after the development of the protective zone, obviously varies between 
two limit values; one of these being the full geostatic pressure, the other the case 
of zero load encountered in very solid and strong rocks which are capable of 
carrying the loads without plastic deformation and popping by mere internal 
redistribution of stresses without showing any external evidence. 

When dealing with the secondary pressures responsible for the dimensioning 
of tunnel sections, vertical, lateral and invert bottom pressures should be discuss¬ 
ed separately. 


3.21. ESTIMATES AND APPROXIMATE METHODS 
BASED ON THE EXTENT OF UPBREAK 

First of all some practical values are given in the literature which indicate, 

uhin rather wide limits, the expectable vertical, bottom and lateral pressures 
as a function of the rock material. 

The values given in Table 3/1 are based on observations made at the failure 
of timber supports. 3 - 9 

For the estimation of vertical rock loads on the basis of past experience the 
following hints are given by Terzaghi: 


*-* Cf. Bendel: Ingenieurgeologie. II Table 202 


Observed Rock-Pressure Values Table 3/1 


Rock material 

Roof pressure 
p v (t/m*) 

Lateral pressure 

1 1 

Ph = j Pv - —Pv 

Bottom 

pres¬ 

sure 

(t/m*) 

Temporary timber support 

Remark 

At out¬ 
break 

After com¬ 
pletion of 
drift 

Initial 

(t/m 8 ) 

Outbreak 

completed 

(t/m') 

Mode 

of execution 

Degree 
of stressing 

Rock, more or less blocky 

0 

8-12 

- 

- 

- 

Skeleton 

lagging, 

light 

0 to in¬ 
significant 

Loosening pressure small 

Very seamy rock, cemented 
conglomerate, soft rock, 
with small overburden height 

10 

30-35 

- 

3 

4-6 

Skeleton 

lagging, 

solid 

Small 

Loosening pressure increasing 
at the moment of outbreak 
not perceivable 

Heavily fractured rock 
(roof breakdown), rolling 
gravel and conglomerate 

15-25 

30-40 

5-10 

5-15 

10 

Tight, 

strong 

lagging 

Mean 

Bigger pressures perceivable 
simultaneously with out¬ 
break. Ensuing of equi¬ 
librium' condition, very 
prolongated 

Loose rock under heavy pres¬ 
sure (eventually in saturated 
condition). Bigger over¬ 
burden height 

25-35 

40-60 

10 

10 

15 

Very tight, 

solid 

lagging 

Con¬ 

siderable 

Stabilization of pressure 
conditions very difficult 

Loose and soft (pseudosolid) 
rock under heavy pressure. 
Very big overburden height. 

40-60 

! 

100-150 

20 

15 

30 

Very tight, 
lagging and 
strong 
hard-wood 
sill-beams 

Going up 
to 

rupture 

Stabilization possible only 
after the completion of very 
protracted deformations 
(months even years; 
Karawanken tunnel) 
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(a) In solid and horizontally stratified rocks the greatest load results from the 
largest upbreak likely to develop when the unsupported rock is blasted. In the 
case of horizontal stratification this height (cf. Fig. 3/4a) will be equal to half 
the tunnel width: p = 0-5 by. In the case of vertical stratification, p = 0-25 by 
(cf. Fig. 3/4b). In the case of inclined stratification a lateral pressure corresponding 
to the direction in which the layers are inclined will also occur and its horizontal 
component will induce bending of the side wall (Fig. 3/17). The height of the 
vertical dropping wedge is again 0-25 b. 



(b) In moderately fissured, uniform solid rock the height of the vertical dropping 
wedge whose weight constitutes the load on the supports may again be assumed 
as 0-25 b. 

(c) In fractured rocks such as are common, e.g. in the vicinity ot faults, where 
the extent of fracturing may vary from intense jointing to pulverization in rocks 
which are otherwise sound and unweathered, the load on the roof becomes 
- beyond a certain height - independent of overburden depth and depends solely 
on the width and height of the excavation. Friction between individual particles 
leads to the development of “arching action”, which extends generally to a height 
of 1-5 B, where B = b + m (cf. Fig. 3/5). A very slight downward movement is 
sufficient to reduce the roof load appreciably below the weight of the soil arch 
(/i min ). Upon further movement the load again increases slightly (h p max ) but 
remains still considerably less than the weight of the ground arch. In fact, the load 
can be expressed in the form h p = a B. According to Terzaghi the value of h p 
depends on whether the layers are above, or below the water table, and on whether 


11 Szechy: The Art of Tunnelling 



162 


ANALYSIS OF LOADS 


tne sand is in a dense, or loose condition. The corresponding values of a are 
summarized in the following table: 



Condition 

hp min 

hp max 

"pmtn 

^pmax 



B 

Dense sand 
(lab. expt) 

Initial 

0-27 

0-60 

054 

1-20 

Final 

0-31 

0-69 

0-62 

1-38 

Loose sand 
(lab. expt) 

Initial 

047 

060 

0-94 

1-20 

Filial 

0-54 

0-69 

1-08 

1*38 

Moderately fractured 


Increases from 0 to 0 35 

Highly crushed 
and mixed 

in railway tunnels 

Increases from 0-60 

to 1-10 



(The assumed vertical movement in the case of dense sand was initially 0-09 B, 
in the final condition 0-15 B; in the case of loose sand initially 0-02 B and in the 
final condition 0-15 B.) 

In practice, actual roof loads in sand soils and fractured rocks were found to 
be much nearer to the minimum initial values than to the highest final ones, 
indicating that the slight displacements assumed are sufficient to produce arching! 

An intensified kind of arching can be observed at the working face of the tunnel 
Here the rock above the roof is supported at the face as well as the sides and the 
loads are carried by the resulting half dome, which has a higher load-bearing capac¬ 
ity (cf. Section 61.2, full-face excavation method). 

The roof load in fractured rocks may vary between very wide limits and may 
range from the weight corresponding to the afore-mentioned wedge of height 
0-25 B as a lower limit to several times this value. The actual load will be affected 
not only by the degree of fracturing but also by the moisture content and surface 
percolation conditions. The time of support and the density of back-packing may 
also play an important part (cf. Sections 6.1 and 6.2). 

For soils devoid of internal cohesion, but displaying considerable internal 
friction (dry sand, gritstone, crushed rock, rubble, etc.), an approximate formula 
was proposed by Sierbaumer. The roof load derived by taking into account the 
dropping wedge is accordingly (cf. Fig. 3/2): 


y 

p' = — b 2 cotan <j>. 


(3.11) 
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where b = the width of the cavity 

<j> = the angle of internal friction 
y = the bulk density of the material. 


A conspicuous shortcoming of this formula is that for (j> = 0, p = oo, which 
is obviously impossible, inasmuch as the highest theoretically possible load is 
the geostatic pressure p = yH. The obvious validity limit of the formula is 


defined by H = — cotan <£,i.e. where the wedge emerges to the surface. Actually 


surface subsidence occurs x metres earlier so that the limit is H = x + — cotan 0, 


where x varies from 5 to 10 m. 

The height of the expectable upbreak and hence the shape and weight of the 
rock mass loading upon the tunnel lining were determined somewhat more exactly 
by Szechy 3 - 93 on the basis of a statical analogy. His basic assumption is that it 
is the tensile strength of the rock itself which will terminate the upbreak above 
a rectangular cavity. The developing girder-form in the rock will be a three- 
hinged arch (Fig. 3/18a) subject mainly to compression stresses. The two lower 
hinges may be assumed sidewards from the cavity in the centre of gravity of the 
additional stress area at roof level resulting from the redistribution of stresses 
■ Fig. 3/18b, after Willmann; cf. Fig. 3/6b), whereas the upper plastic hinge will 
develop in the centre line at a height where the stresses set up by the overbridging 
action will no longer exceed the strength of the rock material. The mutual support 
between the two half arches established in this central hinge will transmit compres¬ 
sion stresses and because of the relatively high compression strength of all rock 
materials its location will not be defined by these, but by the tensile stresses. 
For the determination of these, Szechy assumes that the rock mass overbridging 
the cavity roof acts as a quadrangular disc-like beam. It is known from the theory 
developed by Dischinger 3 9b that beyond a certain ratio of girder depth ( d) 
■■ ersus span (when j 1 ^ !) any further increase of the depth does not affect the 
distribution and magnitude of inner stresses. Therefore it is justifiable to assume 
an inner stress distribution as shown in Fig. 3/18c indicating the flow of compres- 
sion stresses above and that of tensile stresses below the neutral axis, considering 
that in a homogeneous solid rock mass no change is to be expected either in the 
strength properties, or in loading. The only factor which leads to a gradual 
decrease of inner stresses is the decrease of effective span due to progressive arching. 
Let us denote the measure of this span diminution by the factor «, (where a < 1). 


*-** Szechy, K.: Angenaherte Bestimmung des Gebirgsdruckes auf Grund einer statischen 
Analogic, Proc. Int. Conf Soil Mech 1963, Budapest 521 

Szechy. C: Approximate Determination of Rock Pressure on the Basis of a Statical 
analogy. Int. Symposinm on Rock Mechanics Lisbon 1966 

DisCHiiiGER, F.: Beitrag zur Theorie der Halbscheibe und des wandartigen Tragers, 
Abhandl. der I. V. B. H. Zurich, 1932 
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C 



Fig. 3/18a Upbreak of the roof in 

analogy with a three-hinged 
arch (Szechy) 



Fig. 3/18b Determination 

of the assumable location of 
lateral plastic hinges 


P 



Fig. 3/1 8c Assumable rock pressure 

diagram based on the statical 
analogy (Szechy) 
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The assumed stress diagram in the unknown limit height h will determine the 
location of the line of action as lying in the centre of gravity C of inner compression 
stresses N and defined actually by the condition that the maximum tensile stress 
at the bottom of this cross-section should be exactly equal to the tensile sterngth 
of the rock material. 

Ihe location of the two bottom hinges may be assumed, as mentioned, at the 
line of action of superimposed vertical stresses. The extension (b') of this stress 
zone will depend upon the elastic and/or plastic properties of the rock material 
and may be expressed, after Willmann, as a function of the width (b 0 )of the cavity 
as b = pb 0 and its intensity will decrease according to a parabolic law (see 
Fig. 3/18b). The value of the factor p may be taken between 111 and 1/3 for plastic 
materials and between 2 and 3 for elastic ones. (For lack of more exact investi¬ 
gations it may be assumed that /? = 1 in solid rock and /? =2-5 in plastic rock 
and soils.) 

Based on the investigations of Dischinger as to the inner stress distribution in 
a quadrangular disc-like beam and as to its correlation with a uniformly distri¬ 
buted external loading ( p ), Szlchy concludes finally that if the decrease of effective 
span is assumed to follow a linear rule in correspondence with the decrease in the 
distance between the reaction forces of the assumed three-hinged arch (i.e. 
2 = 0-5) then we obtain for the height of the upbreaking zone: 

h .= [1-13(1 + j8/2) 2 - 0-5] b 0 , (3.12a ) 

which indicates that, besides the width (b 0 ) of the rectangular cavity, it will be 
a function of the /? value characterizing the rock-plasticity (in conclusion the 
increase of active span). Should the disc-like beam be regarded as not fixed but 
'imply supported at both ends (e.g. in loose soil), then the above equation will 
have the form 

h = [1*31(1 + /J/2) 2 - 0-39] b 0 . (3.12b) 

In conclusion the rock pressure acting upon the cavity may be assumed from 
the determined upbreak limit as the triangular zone defined by the location of the 
hinges of the three-hinged arch. Fig. 3/18d shows this pressure area which repre- 




Fig. 3/18d Loading estimate for an inclined 
stratification (Terzaghi) 
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sents the loading which is decisive for dimensioning the lining of the cavity. This 
loading, naturally, constitutes the maximum, developing when no inner temporary 
support is applied and the upreaking process is entirely defined by the strength of 
the rock material itself. 

The application of any temporary inner strutting would, naturally, reduce the 
overbridging period and so also the extent of the upbreaking process. 


3.22. THEORIES BASED ON THEORETICAL STRESS CONDITIONS IN 
THE ROCK MASS 


In one group of these methods the theory of elasticity is applied to identify 
first the stress conditions prevailing in the rock in its original undisturbed condition 
(Fig. 3/19a), and then the distribution of stresses and strains disturbed by the 
excavation of the tunnel and developing around the excavated cavity ard derived 
which, at the same time, define the pressures (stresses) acting on the tunnel section. 

The calculation of stresses within the material and the concept of Airy’s stress 
function are assumed to be known from the general theory on the strength of 
materials. 


In the cylindrical coordinates commonly 



used in the calculation of rock pressures 
on underground spaces the stresses 
are obtained from Airy’s stress func¬ 
tion (4>) in the following form: 

1 d 2 4> 1 d<P 

a ' r 2 dd 2 + r dr ’ 

d 2 <P 

ana (3.13) 


d 

j 1 09 

57 

( r dO 


Fig. 3/19a Relation between stresses, 
deformations and distortion 
on the unit cube cut out 
from the rock mass 
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32.21. Theory of Elasticity and Estimation of Stresses 

The first theory based on the above fundamental relationships of the theory 
of elasticity and permitting the estimation of stresses within the rock both in the 
original undisturbed condition and after the disturbance caused by excavation 
was developed by Schmied. 3 ' 1011 

In this theory Schmied also considers the effect of mass forces (rock weight). 
Thus, the general stress relationships for the two-dimensional problem, where no 
component acting in the direction of tunnel axis is involved, are 



In addition, it must be checked whether these stresses correspond with the actual 
deformation conditions. To do so they must satisfy the following compatibility 
equation: 


( d 2 

1 

d 2 i 

_j_ 

—1 

d 2 <P 

1 

d 2 0 1 

4 - 

d& | 

( dr 2 

_ 

' 2 

r * 

dO 2 r 

dr) 

dr 2 

h r 2 

de 2 ^ r 

~d7 1 


(3.16) 


The stress function derived by Schmied for the undisturbed rock (primary stress condition) is 
<Z> = ^^-r- + -^V-r 2 cos 20 + [jj — — 4y) sin 0 + -~r 3 sin 6, (3.17) 

2 2 6(2) li 

where 

H = the overburden depth 

s = a factor expressing the effect of sloping terrain surface in the case of hang tunnels 
(for tunnels at.considerable depth s = 0) 

•• loa Schmied, J.: Statische Probleme des Tunnel- und Druckstollenbaues. J. Springer, 1926 
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and 




are abbreviated notations. 

The stresses in the undisturbed rock are obtained by differentation as 

ct? = s t H + + yj r sin 6 + s 2 H cos 26 — -y r sin 3?, 

o° — s t H + --~-j r sin 6 — s.H cos 26 + ~-r sin 36 , 

t y, = r cos 6 — s 2 H sin 26 -— r cos 36 . 


(3.18) 


The stress function developed for the rock masses disturbed by the excavation of the tunnel 
(secondary stress condition) is of a more involved form: 

= a 0 ln r + b 0 r 2 -y rd cos 6 + [ d x r 3 + In r J sin 6 + 

+ ( a * r * + 7T + &) cos 26 +(c 3 t ! +^+ yj sin 36, (3.19) 

where the constants a 0 , b 0 , C IS d lt y lt 6 U a 2 , a 2 , /?„, C 3 , S 3 , and y 3 have to be determined from 
the boundary conditions by lengthy and tedious calculations. 

The stress equations, accordingly, will be much more involved: 

o, = y — H + j-y (1 + m) + s x - - — 2 yj r sin 6 + 

+ {'I* - 6 tt ~ 4 “f} cos 26 - {t + 12 7T + 10 7r} rsin3e * 

a < = ~ 7 T “ s i H + {™y- + - Y + y 1 ] r sin 6 + 

+ | - s.H + -^-j cos 26 + |y 4- 12 y + 2 yj r sin 36. 

{ Cj s 2 2y.l 
m-y-y-y-jrcose- 

- r, H + 6~+ 2-^f] sin26— Uj 5 -- 12-^-6-%] r cos 36 . (3.20) 

r‘ r 1 ) tl 2 r r \ 
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The problem may thus be regarded as solved in principle, but the computation required 
for the evaluation of the great number of constants from the boundary conditions is enormous 
and disproportionate to the results obtained. In fact, there is a fundamental discrepancy 
between the basic assumptions introduced (elastic, isotropic, uniform, homogeneous medium) 
and actual conditions and even the assumption of boundary conditions is rather arbitrary. 
For this reason the method may be regarded as suitable for demonstrating the influence of 
individual factors, e.g. that the magnitude of tensile stresses above the crown is decisively 
controlled by Poisson’s number. Tensile stresses develop above the roof and below the bottom, 
but compressive stresses affect the sidewalls. A conclusion of great significance is the theoretical 
demonstration of the fact that the elastic range affected by the disturbing effect of the tunnel 
is rather narrow. This distance is, according to Schmied, 


( m" (m - 1 )E I* 
I y(m + 1) (m — 2) H I 


(3.21) 


where E = the modulus of elasticity 

m = Poisson's number of the rock. 


Schmied has also developed a solution for including the strength parameters of the artificial 
support of a circular tunnel lining in the stress function, which renders calculations, naturally, 
even more complicated. 

Szilvagyi also gives a solution for the determination of the tangential and radial stresses 
around a circular cavity resulting from the disturbance of the stress field owing to the estab¬ 
lishment of the cavity in an elastic medium. 3-lcb 

The solution is based on Airy’s stress function as given by Timoshenko. He clearly demon¬ 
strates the effects of tunnel linings of varying flexibility upon the distribution of stresses and 
pressures around the cavity. 

He concludes, in general, that stress distribution will be rendered much more favourable 
even with a quite flexible lining, and will be made quite uniform by a lining of medium 
rigidity. 

Tension stresses at the crown and bottom will disappear and the disturbance of the original 
stress field will be reduced to zero at a lateral distance equal to the diameter of the cavity. 

The construction of the lining will counteract deformations, but prior to its installation 
deformations will be already initiated which may go on as a consequence of defective embed¬ 
ding. To allow for this action a factor * is introduced expressing the rigidity of encasement. 
1 = l expresses an absolutely tight embedding, whereas * — 0 expresses free deformation. 

The construction of the lining will increase radial stresses so exerting a beneficial influence 
upon rock strength, whereas the dominant tangential stresses will decrease even with a small 
value of x. In addition, the distribution of stresses will be rendered more uniform as x increases 
producing a nearly uniform distribution when x = 0 5. With the increase of x, stresses on 
the top will increase as against those at the further horizontal diameter. 

The distribution of pressure will become more uniform corresponding to the distance 
from the cavity (Fig. 3/19b). 

Omitting the detailed derivation and with reference to the literature the formulae derived 
by Caquot and Kerisel 3,11 for rock pressures acting on a circular cavity are also deemed 
worthy of mention. Radial rock pressure in a plastic state of equilibrium is, accordingly, 


p r = yr (1 — cos 8) + 





(3.22a) 


auub szilvagyi, I.: Die Bestimmung der Spannungen urn einen kreisformigen Tunnel, 
Proc. Int. Conf. Soil Mech. 1963, Budapest 533 

11 Caquot and Kerisel: Traite de mecanique des sols. Dunod, Paris 1956 475 
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a -0-7 


cc-Ov cl ■ 0-9 



Fig. 3/19b Variation of pressure distribution around a circular cavity as a function of the 
rigidity of embedment a and of the distance r 


where r = the radius of the circular cross-section 
H = the overburden depth 
y = the bulk density of the rock 
K = the coefficient of passive earth pressure 

9 = the angle included between the vertical and the radius drawn to the circumferen¬ 
tial point under consideration. 


The above formula for crown pressures was presented by Kerisel in a lightly modified form 
at the Fourth International Congress on Soil Mechanics and Foundation Engineering in 
London, 1957: 




(3.22b) 


The theory is claimed to be applicable for the prediction of pressures on flexible pipes 
buried at moderate depths, but there is, as yet, no conclusive evidence available to confirm 
this. An interesting feature, however, is that radial pressures are assumed. 
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■ 1 : Fenner, R.: Untersuchungen zur Erkenntnis des Gebirgsdruckes, Gliickauf 1938 681 
Fenner R.: Study of Ground Pressures (in English) TT515 NRC Div. of Balding 
Research Ottawa 
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where fi t is the coefficient of internal friction. Lateral displacement is characterized on the 
basis of the relationships (3.26) and (3.25) by the inequality: 


°i _ 1 + sin </> 

a, “ sin 4> * m ~ 1 ' < 3 ' 27 > 

The upper sign applies to the case where the shear t is greater than the frictional resistance • 
ono" the , partlcle * ^ lU d,splay relative displacement along the shear planes inclined at 
90 - 0, as long as the limit condition Eq. 3.25 is satisfied. The equality in Eq. 3.27 should 

then be equated to K - 1, i.e. K = m, where K = — ^-, and then on substitution into 

i sin ct 

Eq. (3.23) the following relationships will be obtained: 


~ j. [A - + (K — 2) cos 2a] , 


2(K- 1) 


2(K — 1) — ~ 2 ) cos 2 *] 


2{K- 1) 
pK -2 

T ~ 2K~—~l Sln ' 


(3.28) 


The ratio of principal stresses can further be expressed by the ratio of friction coefficients : 


~ = 0'i + V 1 + /*?)* = K - 1 . 


The rocks as far as practical construction is concerned display considerable cohesion, 
consequently both the condition of displacement and the ratio of principal stresses must be 
modified according to Fig. 3/20. Thus, 


* = c + er„ tan </>, 





■j" O 2 (j | fj 

~2 ^ c c °l an 0 sin </> — ——— sin </> + c cotan <j>. 



Fig. 3/20. Stress display 
at rupture 
condition 
(after Fenner) 
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With the notation 


we have 


(7 j + (7„ 

a —--—— + c cotan <j> , 


(7, + (7., 

--- — a — .c cotan <p ■ 


The stresses in undisturbed rock can now be written logically in the form: 

a, = cr(l + sin <f> cos 2a) — c cotan <j> , 

(7, = cr(l — sin 0 cos 2a) — c cotan $ , 
r = (7 sin (p sin 2a , 

and in disturbed rock as: 

a z = cr(l + sin rp cos 2a) — c cotan <t>, 
o x = cr(l — sin ip cos 2a) — c cotan <p, 
t = (7 sin (J> sin 2a . 

Considering the actual shear strength and other physical properties of rocks encountered in 
practice :he respective depths to which Eqs 3.23, 3.28 and 3.29 are valid can be determined: 

I. In igneous and high-strength rocks (granite, basalt, gneiss) 

r = 200 kg/cm-’, y = 2'7 t/m 3 , m = 0 5 and = 0 - 75. 

From the third relationship of Eq. 3.23 the critical depth at which the ultimate shear strength 
is attained (a = 45°) can be determined: 


1 

(3.29) 


I 

> 

I 

I (3.30) 



. 2-7 h 5-2 . „„„ 

2000 t/m 2 ---j—- sin 90" , 

8 

h = 2000-£ 1975 m. 

81 

T s value indicates that practical tunnel or mining depths are usually less than this limit. 
F> r :nis reason the stresses should be calculated from Eq. 3.23 according to elasticity theory. 
2 In sandstones of medium strength 

r = 400 t/m 2 , y = 2 t/m 3 , m — 5, and /( x = 0'7. 

; ormulae based on elasticity theory yield 533 m, but Eq. 3.29 indicates 1200 m as the critical 
depth. It appears, thus, that in these soft rocks the critical depth should be somewhere be- 
tvieen 500 and 1200 m, depending on the magnitude of the smaller principal stress (cf. Section 
51.2). on Poisson's number and on the coefficient of friction. 

3. In clays, marls, etc. r = 10 t/m 2 , /(j = 0 - 36, m = 5, y = 2 t/m 3 . The yield point is 
. ready attained at a few metres depth and thus the stresses have to be calculated, in general, 
according to Eq. 3.28. 
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After the above general introductory considerations the state of stress developing 
in an elastic rock around the cavity is derived first by Fenner. The derivation is 
based on the stress (Airy) function of Foppl 


a p m ( 2 *■> 21 ^ pm- 2 (r 2 — a 2 ) 2 

- r (r 2 - 2 a-lnr)-— - — . ± -^_ cos2a . 3 . 31 ) 

4m— 1 4 m — 1 r 2 


From the foregoing exposition the stresses can be obtained directly from the 
stress function <P: 


1 d 2 4> 

~d9 r 


d 2 <P 
dr 2 


m 


m 


d$ p 

dr 2 m — 1 


p 

m-2 

fl .i * 2 + 

3a 4 

2 

m - 1 

1 r 2 + 

r 4 


+ 

r a + a 


2 m — 1 
P 


c z = — (ff r + o,) = 

m m — 1 


T = 


P_ 

m 


_ p m-2 I 3a 4 

2 m - 1 | + r 4 

m -2 2 a 2 

-- 7 - • —V- cos 29, 

m — 1 r 


cos 26, 
cos 26, 


d n 

d<P 

_ P 

m — 2 

Li_. 2a ! + ^| 

dr r 

~d6 

2 

m - 1 

r 2 r 4 ) 


(3.32) 


By plotting the principal stresses around a cylindrical cavity on the basis of 
the known relationship between principal stresses 


°max 

min 


O r + O, 


±Y \/ 4t2 + (Pr- Ot?, 


the diagram shown in Fig. 3/21 is obtained. It is to be seen that the rock fails 
to resist at the boundary the tensile stress 0-25 p even at moderate depths. Con¬ 
sequently, the above relationships have significance only in rocks of high tensile 
strength. Owing, however, to the various tectonic movements to which mountain¬ 
forming rocks have been subjected, their tensile strength has been greatly reduced, 
for which reason the above formulae are unsuitable for practical use. 

The optimum tunnel cross-section for minimum tensile stress is then developed 
by Fenner, as an ellipse the major axis of which is vertical and the axes are related 

to each other as ft/a = •——j-. In this case the tangential normal stress will be 

mp 
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which would completely prevent sliding even of the fractured layers. This relation¬ 
ship would lead again to a shear resistance high enough to anticipate the formation 
of a protective zone. Since this zone can actually be observed in practice, this is 
again a condition which can be regarded as a theoretical limit only. It is reasoned 
hereafter that if large tensile stresses occur in the crown of circular cross-sections 
and large compressive stresses in that of a standing ellipse with an axis ratio 

—-—, thei.' is bound to be a shape for which the stress in the crown will be zero. 
m — 1 

2 

This shape is developed as a vertical ellipse having an axis ratio b/a = _ ^ 

(cf. Section 22.31). The isobars of maximum and minimum stresses around a tunnel 
shaped accordingly are shown in Fig. 3/22. 

In this theoretical approach the effect of dead weight was neglected by Fenner. 
An even more serious deviation from reality is inherent in his foregoing expositions 
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by the assumption of a uniform rock which follows Hooke’s law. The relationships 
derived on the basis of the elasticity theory are, nevertheless, suitable for the 
theoretical verification of the development of the stress-free body around the 
cavity and that the pressures should be carried entirely by the rock around the 
cavity. This overloaded range is shown theoretically to be limited in extent from 
four to five times the major half axis a, in spite of the high stress peaks in the 
crown and at the springings. 

Greater practical importance may be claimed for Fenner’s theoretical investi¬ 
gations concerning rock pressures developing in the plastic state. 

The magnitude of rock pressures acting on a vertical shaft is investigated first 
and is found to be uniformly distributed at a given depth around the circular 
perimeter. It is assumed that rock can freely intrude into the interior of the shaft 
through openings. Since the displacements are directed radially inward and as 
meanwhile no relative displacement between individual particles can take place, 
the shear stress is zero and the radial direction as well as the tangential direction 
perpendicular thereto will constitute the directions of principal stresses. The 
direction of sliding surfaces ;an thus be determined from the condition that these 
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must intersect the principal directions at a constant angle. If it is taken into con¬ 
sideration that the radial stresses a r decrease as a result of radial displacement 
while the shaft is being sunk, and the circumferential stresses a, increase as a 
lesult of being pressed together, it will be readily appreciated that no equilibrium 
can take place between the principal stresses a R and a T unless o T assumes a maxi¬ 
mum value which occurs when 


o T — (K — l)a^. 


(3.33) 


Conversely, the value of o R cannot be smaller than that determined above, other¬ 
wise the material would flow into the cavity. The problem, once the above rela¬ 
tionship is established, is to determine the value of a R . In developing the differen¬ 
tial equation it may be noted that owing to axial symmetry the stresses become 
independent of 0 so that this may be neglected in the calculations. Thus, 


1 d<P J d 2 4> 

a R —- -t— and o T — —-—. 

Or or or 


On substituting these values into Eq. 3.33 we obtain the differential equation 


the solution of which is 


±** 0 , 

dr~ r dr 


, c „ 

*-K*’ 


whence 


a R = Cr K ~ 2 <r T = C(K - 1) r K 


For evaluating the constant C, let us consider the boundary condition at the shaft 
wall, i.q. for r = a\ o R = a Ra and thus C = o Ra a K ~ 2 . Substituting this value we 
obtain 

a R = a Ra ! a i■= (K — 1) 1 7 Ra — (3.34a) 


If K = 1 + (/q -(- yj 1 + nl) 2 and the specific friction Hi = tan (f>, then for 
<j> = 20°, at Hi — 0-36, we have K = 3 and 


; <t 3 -=2 <j r 


..e. the stresses increase proportionally to the distance from the shaft of radius a. 


12 Szichy: The Art of Tunnelling 
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Since the rocks encountered in practice may safely be assumed to possess an 
internal friction of at least 0 = 20°, the rock is bound to reach a state of equilib¬ 
rium around cavities of any arbitrary shape. The stresses arising at the boundary 
of the plastic region are obtained from the condition that beyond this boundary 
the fundamental relationships of elasticity theory regain their validity. The sum 
of the two principal stresses must be constant, i.e. a r + a, = 2 p, which when 
combined with the relationship of plasticity a T = <j r (K — 1) yields a R + 
+ g r (K — 1)=2 p', p — cr R — 2p/K. Denoting the distance of the boundary of 
the plastic zone by b and taking Eq. 3.34a into consideration, the condition a t 
this boundary may be written as 


whence b can be calculated (cf. Eq. 3.21). 

It can be seen that b varies inversely with o Ra , the latter being the radial stress 
at the perimeter of the shaft. The magnitude of this stress is, in turn, governed 
essentially by the radial support of the cavity, i.e. by the strength of timbering. 
Consequently, the stronger the supports installed, the smaller the extension of 
the plastic region will be. 

Beyond the plastic region the rock material is again in an elastic stress condition 
and the stresses can be calculated there from the following relationships : 


a R = p 




<J T — p 




(3.34b) 


To illustrate the method the rock pressures acting on the wall of a circular 
shaft at h = 1000 m depth in a soil having a bulk density of y = 2-4 ton/m 3 
have been calculated by Fenner for o Ra = 1. The geostatic pressure y h = 2400 
ton/m 2 = 240 kg/cm 2 . The numerical results obtained are shown in the table 
below and in Fig. 3/23. 


Coefficient of friction 

Mi 

Ratio 

K -1 

Exponent 

K 2 

Boundary of the ' 
plastic region b 

Lateral 
pressure p 
(kg/cm*) 

0-75 (36° 52') 

4 

3 

2-8845 a 

60 

0-5773 (30°) 

3 

2 

6-3246 a 

80 

0-35354 (19° 29') 

2 

1 

800 a 

120 


As can be seen, the distance of the boundary of the plastic region increased 
as a function of the coefficient (angle) of friction from 2-8845, a to 80-0 c, 
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F: 3/23. Propagation of tangential and radial stresses around a hole 
as a function of soil quality /i. 


■' hile the angle decreased from 37° to 19-5°. This considerable range is evi¬ 
dence that a very long time is required for the development of calculated 
'tresses and deformations in clay, clayey silt and clayey sand soils. 

The value of a Ra can never be predicted in practice since at low friction values 
this depends on the quantity of material removed from the cavity to which it is 
inversely proportional, (cf. genuine mountain pressure). In the case of high coef- 
rt dents of friction, on the other hand, the new stress equilibrium does not take long 
to develop; the pressure on the shaft will be very low and independent of the depth 
of overburden. 

A plastic zone of great extension also involves deformations of considerable 
—ijgnitude (the specific volume change can be expressed as e = (a x + o y + 
m — 2 


+ a.) 


mE 


and V 1 = V q e, where V 0 denotes the total volume within the plastic 


•cgion which is manifested by the quantity of material (Kj) entering the cavity 
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and to be removed therefrom. Pressure intensities have been found to decrease 
rapidly with the excavated volume, and, as can be seen from the diagram for the 
above numerical example (Fig. 3/24) the, removal of 5-10% of the material results 
in a reduction of pressures to 1/15-1/20 of their original value. 



Fig. 3/24. Variation of pressures acting upon the lining as a function 

(a) of the extension of the plastic zone; 

(b) of the quantity of intruded soil mass 


A similar approach is adopted hereafter in determining the pressures acting 
on a horizontal tunnel, but now the difference in loading due to self-weight is 
also taken into consideration. The stress function in the elastic zone will now be 
of the form <P = r K X A n cos n 9, where the A n factors represent parameters 
depending on boundary conditions. 

Assuming appropriate symmetry conditions for the plastic zone the following 
simple differential equation can be written: 


do d 

<? R +r-j- - o T + ry = 0 . 


(3.35) 


Expressing now the stress values by a stress function <P, and with 6 = 0 we 
•obtain 


o R = 


1 dV 
r dr 


yr 

2 


°t = 


d-<P' 


T = 0. 


(3.36) 




THEORIES BASED ON THEORETICAL STRESS CONDITIONS 


181 


Substituting these values into Eq. 3.35 we obtain 


d-<P' K- 1 d<l>' K -1 


— + —,r,0 


and from this after double integration 


<*>' = — r K + —— — 

K 6(A" — 3) 7 

Determining the integration constant C, again at r — a, from the condition 
a R = o Ka and expressing the stresses according to Eq. 3.36, we have 


1 d$' yr I r 

(jR== ~~E7~T = aRa t 


ya ( r A ^ yr 
K -3 [a + K -3 




yo r 


K-2>\a 


- + 




/f- 3 


(3.37) 


In view of the three-dimensional stress condition Eq. 3.34a is modified to the 
form 


<7 = - 


2K— 5 \a 


- + 


2K-5 ’ 


whence with n l = 0-35354 as the lowest value we have 


Vr = — °ru + ay In — , 


where the sign of the second term in brackets depends on the value of 6; for 
d = 0 the upper, for 8 = n the lower sign being applicable. 

At the boundary of the plastic zone the sum of the two principal stresses must 
again be equal to the sum of the two original (initial) principal stresses, where¬ 
from as an extreme value for r = /j/2 

gru = ay [4-+ ,n -trrl» 


in other words, the condition for any possible equilibrium is that u Ra should 
attain this value at least. 
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In the general case 


ya 


K 2 -5K+1 


J Ra min 


K 


-3 (*-!).(tf-3) 


yh 


2a I*- 2 

(K — 2)h J 


(3.38) 


and now the plastic region extends to the height r = 


K — 2 


h, and for K — 4, 


G Ra rain 7^ | ^ 

h 


This immediately suggests the consideration of the plastic region as a vertical 
ellipse with the cavity at its lower focus. 

Again for a depth h = 1000 m, a cavity with a radius a = 3 m, a bulk density 
y = 2-5 t/m 3 , and friction n L = 0-35354, and for internal support with strengths 
aRa 4-215 kg/cm , 4-5 kg/cnr, 6 kg/crrr, 10 kg/cm 2 and 30 kg/cm 2 respectively, 
the ellipses representing the plastic regions and the sums of corresponding 



Fig. 3/25. Extension of plastic zones as a 

function of the rigidity of supports 
around a circular tunnel lying at a 
depth of 1000 m (Fenner) 


principal stresses are shown in Fig. 
3/25. The considerable restricting 
effect of support strength upon the 
extension of the plastic zone is 
clearly illustrated. 

The case of stratified rocks was 
also investigated by Fenner, and he 
found that a relatively thin clay 
layer may considerably modify 
stress conditions and will lead to a 
significant extension of the loosening 
core both upwards and down¬ 
wards. 

In conclusion he has stated that 
an elliptical stress-free zone is de¬ 
veloped in elastic rocks which does 
not depend on the overburden depth 
but only on the width b of the cavity 
and Poisson’s number. It can be 
described by the equation 



(m-2fb 1 T b 2 ~ 


The stresses will be equal to zero at 
the crown and springings of the 
ellipse and will attain peaks at their 
diagonals. 






STRESS CONDITIONS 


183 


On the other hand the magnitude of the stress-relieved zone developing in 
plastic rocks depends not only on the width of the cavity but also on the depth, 
on the coefficient of friction, on the bulk density and on the pressure supporting 
the tunnel lining. 

For the radius of the plastic range developing around a cylindrical tunnel the 
following formula was derived by Rendulic 3 13 


where 




C * ‘ 

1+2 ^ 


(3.39) 


In addition, the tangential and radial stresses at the boundary of the plastic range 
are given as 

f [ c cotan 01 A ' _1 1 


a,= c co tan 0 


q, =c cotan 0 


M- 

I'-Pr 


cotan 01 1 
r+e 0 , 


(3.40) 


32.23. Stress Conditions around Circular and Elliptical Cavities 


This problem was discussed by pure elasticity theory by Terzaghi and Richart 314 who dealt 
not with the actual determination of the magnitude of rock pressures but, taking the magnitude 
of vertical (/><,) and horizontal pressures as given, investigated the effect of their ratio, and the 
shape of the cavity upon the distortion resulting from pressures around it. The approach 
followed in calculating the stresses is to superimpose the values obtained for the uniaxial 
.rate of stress produced by the vertical load on those obtained for the biaxial state of stress 
produced by the horizontal pressure. Horizontal pressures around a cavity will not develop 
unless the horizontal deformation due to the vertical load is prevented. Otherwise the only 
horizontal pressures to be taken into account would be those of a residual (otogenic) nature. 

For the basic determination of stresses around a circular cavity the already mentioned 
relationship of Kirsch is applied: 








cos 20, 


(3.41a) 


r rO 




sin 20, 


>•** Rendulic, L.: Spannungszustand in der Umgebung eines Hohlraumes, Wasserwirt- 
schaft 1934 168 

••"Terzaghi, K. and Richart, L.: Stresses in Rocks about Cavities, Geotechnique 1952 
57-75 
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where r, and 0 are polar coordinates, and for the vertical axis z, 0 = 0 
P = p„ the uniformly distributed vertical rock pressure 
a = the radius of the cavity 

p x = Xp is the uniformly distributed horizontal rock pressure 
o r and Oq = the radial and tangential normal stresses 
T re = the shear acting in the r — e plane (Fig. 3/26a). 

Wuh a lateral pressure of intensity p x = Xp, the stresses are to be calculated in a co-ordinate 
system transformed by 0 = ji/2 




(3.41b) 


Pz 



Ifftfffffftftfttt 

p 


These equations apply to the 
stresses developing around a circu¬ 
lar hole in a plate. In the case of 
a three-dimensional tunnel the 
stress acting in the direction of 
the longitudinal axis will be, in 
accordance with Hooke’s law, 

°z = M (O, + Og). 


Fig. 3/26a Annotations used for the 

computation of stresses around 
a circular hole 
(Terzaghi— Richart) 



Fig. 3/26b Coordinate system used in the 
computation of stresses 
around an elliptical hole 
(Terzaghi— Richart) 
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Horizontal and vertical stresses can be obteined by the known stress transformation cor¬ 
relations 

(J 0 c r o 0 o r 


"/, = 


2 2 
<7e + a, <J«— 0, 


T vh 


2 2 
o Q a r 


cos 20 — t,„ sin 20 , 

-- cos 20 + T r0 sin 20 , 


(3.42) 


sin 20 + T re cos 20. 


The equations for stresses around an elliptical cavity are much more involved. Stresses 
around an elliptical hole in a plate were determined by Neuber by introducing the elliptical 
co-ordinates a and /3 in the following form: 

(a) For an ellipse with the major axis horizontal (parallel to the x direction) 
x = cosh a sin /?, 

z = sinh a cos ft (Fig. 3/26b). 

(b) For an ellipse with the major axis vertical (parallel to the z direction) 

Case (i). The equation related to the edges of the cavity: 


f—-—V+ (—*—I 

I sinh a 0 J \ cosh a 0 ) 


= 1 , 


and the major, and minor axes are 

Xj=o = a — cosh a 0 1 — b = sinh a„. 


The stresses are: 


p f sin 2 2/? 4 cos 2/3 

= 8 j —AS- + ^-J ' L 


sinh 2* 
2h* 


. |cosh 2a + 1 - 2 Be--* - C (1 - e- 2 ”)j + 

2 sinh 2a (1 — cos 2/3) + 2 Ce~-* (1 + cos 2/3) +2 A — 4 Be~-“ • cos 2 (i 


! 1 ) 


= JL j si ”^ 2 * j^- sinh 2a (1 - cos 2/3) - Ce~-* (1 + cos 2/3) - A + 2 Be--* (cos2/S)j + 
(- cosh 2a) - 1 + 2 Be~-* + C (1 - e~’-*) j + 


+ 

4 

+ “^ 
p f 2 sin 


sin 2 2/3 
h' 

cos 2/3 (— cosh 2a — Ce -2 “ + 2 Be~-*) + cosh 2a 

sin 2/3 


(3.43) 


-HI 


8 hr 


- 2 sinh 2a - 4fie- 2 * + 2 Ce~-* + 


2« 


h l 


sinh 2a [l + cosh 2a — 


- 2 Be~’-* - C (1 - e- 2 *)] - sinh 2a - Ce-"-* - A + cos 28 (sinh 2a - Ce -* + 


+ 2 Be~ 2 “) 
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where A = — 1 — cosh 2:< 0 


1 3 e*” 

B = — e 2 °° + — - _ 

2 4 4 


C = 1 + e 2 *» 

the factor of distortion: h = 2 sinh 2 a + 2 cosli 2 & 


At any point of the elliptical cavity a = a„ and hence [<r^]« = « o = [sinh 2a 0 - 1 - 
- e-“ 0 - cos 2/9] at the crown„ where /9 = 0, <*, = -/> while at the springings O axis), 
where /S = n/2, a„ = p (1 + 2 yj . 

Care (ii). The equation related to the edges of the cavity: 


* y j g : 

cosh a 0 sinh a 0 ; 


= 1 , 


and the major and minor axes are 

z x=o = b = cosh a 0 and *, =0 ~ a = sinh a 0 . 
The stresses are given as 

f sin 2 2/5 4 cos 2/9 " 


P [I" si 

a ' = n{- 


h' 


h- 


-j 1 - cosh 2a + 2fic- 2 * + C(1 + e~ 2 *) + 


+ 


sinh 2* 
2 h* 


^2A + 2 sinh 2a — 2 Ce~-’ + cos 2/9 (— 2 sinh 2a — 2Be- 2 * — 2C<?- 2a ‘) 11 
p f sinh 2* f 

> “ y j-- \ - A - sinh 2a (1 - cos 2/9) + Ce~ 2 “ (1 + cos 20 ) + 

+ 2Be~-“ cos 2/9 j + A_J" cosh 2a (1 - cos 2/9) + C<?- 2 “ (1 + cos 2/9) + (3.44) 


+ 2fte~ 2 “ cos 2/9 
1 2/9 


sin 2 20 
/r* 


fl - cosh 2a + 2fle- 2 * + C (1 - e~ 2 *) j 

p f sin 2/9 T 

r = y j —sinh 2a {-1 + cosh 2a - C(1 + e“ 2 “) - 2fie- 2 *} + 

+ A + sinh 2a (1 - cos 2/9) - Ce ~ 2 * (1 + cos 2/9) - 2Be~ 2 ’ cos 2/9 
2 sin 2/9 


A 2 


I 2 sinh 2a + 2 (C+ 2B)e 
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e 2*o 2«o 

where A = 1--- j - 


3 e 2 *» e 4 “" 

5 — T 4~ 4 


C = e 2 “» - 1 


the distortion factor is h- = sinh 2 a + sin 2 /?. 

At the crown where (5 = 0, <r, = —/>, while at the springings where (5 = »/2, o> - p (.1 + 



The stress values around various cavities, computed according to the above 
equations with an assumed value of / = ^ ^ = 0'25 are plotted in Fig. 3/27. 


i 

a 


Fig. 3/27. Variation 

of vertical and 
horizontal 
tangential stresses 
as a function of 
shape 


i he vertical stresses <r„ and the horizontal stresses o h are shown separately in the 
figure, reduced by the original vertical rock pressure p, and plotted against the 
relative distance from the cavity, this latter being related to the half axes a and b. 
it is interesting to note from a comparison of the diagrams that the stresses above 
the crown do not attain the value of the uniformly distributed rock pressure p 
acting on the cavity. Proceeding upward the value of <r t . approaches that of p 
asymptotically, while v h remains smaller than 0-5 p and decreases with increasing 
height. The shape of the cavity, i.e. whether the cross-section is a circle or an 
ellipse with the major axis lying vertically or horizontally, does not appear to 
affect the stresses at the crown significantly. The stresses around the springings, 
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on the other hand, depend much more on the shape of the section. The vertical 
stress o v in the case of a circular cross-section amounts to 3 p; it is slightly less 
for a vertical ellipse, and considerably bigger for a horizontal one, and decreases 
asymptotically towards the initial value p. The rate of decrease is moderate for 
circles and vertical ellipses, and is rapid for horizontal elliptical cross-sections. 
The horizontal stress a h is also much smaller here and approximates 0-5 p in 
circular cross-sections and 0-25 p in elliptical ones. A peak value of 0-8 p appears 
only in the immediate vicinity of the horizontal ellipse, but the region affected 
thereby is very narrow. 

Thus it is demonstrated that cross-sections of a vertical elliptical shape- are the 
most advantageous also as far as the stress distribution in the vicinity of the 
cavity is concerned (cf. Section 22.31). 

Stresses around spherical cavities and those having the shape of an ellipsoid of revolution 
were compared subsequently by Terzaghi and Richart with those around two-dimensional 
cavities with circular and elliptical cross-sections. 

The stresses produced around a spherical cavity by the uniformly distributed vertical load 
p are, according to Neuber: 


156 , 3(1 - a) C 

~rT + R 3 


sin 2 


fl _ 125 A 2(» - 1) C 
R b R 3 + R* 


"•-[ 

I" 245 (x - 4) C) 

T -» = P + ^ - 1 s * n 0 cos 6, t„* =0, r r „ = 0, (3.45) 


where R, t and <j> denoting the polar co-ordinates 

a = 2(1 - p). 


A 


2 4- 5a 
2(4 + 5z) P 


B = 


P 

4 + 5* 


C = 


_ _ 

4 + 5a ' 


The stresses are, thus, no longer unaffected by Poisson’s ratio and, for instance, the tangen¬ 
tial stresses a 0 at the springings A and at the crown C vary as functions of p in the following 
manner: 


= 0 

o,, A = 1 929 p 

a ec = —0214 p 

= 02 

= 20 

= -0-500 

= 0 3 

= 2 045 

= -0-682 

= 05 

= 2-167 

= -1161 


The variation is especially pronounced at the crown. 
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The theoretical determination of stresses around an ellipsoid of revolution was solved by 
Edwards 3,153 . The stresses are again obtained by superimposing the uniaxial vertical stress 
field on the biaxial horizontal stress field in the following general form: 

1 = 3 

R, — Roi + X a u'Ru> 


where R u = the stress in the undisturbed condition prevailing prior to the excavation of 
the cavity 

a u ■ R u = the additional stress caused by the excavation. 

Here R n denotes the stress itself and a if the constants depending on diameter relations and 
satisfying the boundary conditions. 

Any detailed description of the theory involved would exceed the scope of this work and 
reference is, therefore, made to the literature 3 - 156 . Terzaghi and Richart compiled the stress 
coefficients a/p in a tabulated form for various diameter ratios and fi values. 


Tig. 3/28. Vertical (<r p ) and 
horizontal (a h ) 
tangential stresses 
around circular 
and spherical 
cavities 



Assuming again the value 0 25 for the lateral pressure ratio A, it is to be seen from Fig. 

28 that the stresses around a spherical cavity are, in general, smaller than those around 
e t jnnel with a circular cross-section. This should be especially conspicuous at the springings, 
w here the peak vertical stress is 1 -8 p, which compares favourably with the value of 2"8 p 
developing in the case of a circular cross-section. The vertical stresses above the crown, on 
:he other hand, will be slightly higher in the case of the spherical cavity. The difference in 
-orizontal stress is slight, both at the springings and the crown. 

The differences found when comparing stresses around elliptical tunnels and spheroidal 
cavities are largely similar. The difference between the tangential stresses arising around 

- 153 Edwards: Stress Concentration around Spheroidal Inclusions and Cavities, Journ. App. 
Mech. 1951 March 

1136 Terzaghi, K. and Richart, L.: Stresses in Rocks about Cavities, Geotechnique 1952 
57-75 
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three-dimensional cavities and linear tunnels increases in general as the ratio of the principal 
axes decreases, i.e. as the spherical shape is approached and as the lateral pressure coefficient 
A becomes smaller. 

The conclusion to be reached by the above considerations is that not only are 
rock pressures smaller when acting on confined cavities (cf. Section 32.313), but the 
stress distribution around them is also more favourable. 

The distribution of circumferential stresse saround a horseshoe-shaped cavityis illustrated in 
Fig. 3/29 after the results obtained by Zangar and Philips by the use of photoelastic methods. 
Drawing (a) represents the distribution around the perimeter of the cavity, while drawing 
(b) shows the variation of stress with distance from the cavity along the line F-F, again for 
a lateral pressure coefficient A = 0 25. The peak circumferential stress again remains, apparent¬ 
ly, below the value 3 p and extends not further than three times the width. It is of interest to 
note the stress peak at the lower corner of the section which can be traced back to the abrupt 
change in direction at this point (stress concentration). 


The considerable influence of the lateral pressure coefficient X on the distribution 
and state of stresses around the cavity was also demonstrated by these authors 
as it was by Kastner (cf. Section 3.12). Horizontal stresses at the crown of a cir¬ 
cular cavity were found by Terzaghi, e.g. to vary according to the relationship 
a h — P(32 — 1), and the vertical stresses at the springings according to <r v — 
= p(3 — X), the uniformly distributed vertical rock pressure being denoted by p 
and the horizontal rock pressure by p). (cf. Fig. 2/39a and Section 3.3). 

The foregoing considerations apply to perfectly elastic, homogeneous and iso¬ 
tropic materials and, thus, are suitable primarily for the demonstration of the 
effects and role of various factors governing stresses rather than for the numerical 
evaluation of stress intensities around particular cavities. 
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3.23. THEORIES BASED ON VARIOUS DISPLACEMENT 
AND EQUILIBRIUM ASSUMPTIONS 

The foregoing expositions and especially those of the theory of Fenner have 
revealed that there are two possibilities when deciding how to determine the loads 
for practical tunnel-lining design. The one is when the extension of the protective 
zone only is considered and the depth of cover is disregarded. The other also takes 
this latter factor into consideration. The choice depends on whether the rock in 
question is solid, or pseudosolid, or whether it is loose. In solid rocks and in the 
case of stresses not exceeding the elastic limit, the development of the protective 
zone is unaffected by the depth of the overburden; consequently, the application 
of theories disregarding the effect of depth is fully justified. In pseudosolid and 
plastic rocks with stresses exceeding the plastic limit, the effect of depth is a relevant 
factor not only in the magnitude of rock pressure but also in the time required 
for the development of a protective zone; consequently, the use of theories taking 
this factor into account is warranted. The design theories used in practice may thus 
be classified into these two groups, namely, into those which take into account 
the effect of the overburden depth, and those which disregard it. 

32.31. Theories Taking into Account the Effect of Depth 

32.311. Bierbaumer's theory. The theory of Bierbaumer was developed during 
the construction of the great Alpine tunnels. According to this theory the tunnel 
is acted upon by the load of a rock mass bounded by a parabola of height h = ctH 
(Fig. 3/30). 
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T«vo methods, yielding almost identical results, were developed for the deter¬ 
mination of the value of the reduction coefficient a. 

One approach was to assume that upon excavation of the tunnel the rock mate¬ 
rial tends to slide down along rupture planes inclined at 45° + 0/2 (Fig. 3/31). 


£_ c D F 
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/ 
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Fig. 3/31. Assumption model 
of Bierbaumer’s 
theory 


The weight of the sliding rock masses is counteracted by the friction force 
S = 2fE = 2 tan 0 tan 2 (45° — </>/2) • —— developing along the vertical sliding 


planes and therefore a rock mass of height uH only instead of H must be taken 
into account during the calculations. Consequently, the pressure on width 
b+2m tan (45° — 0/2) at the crown will be 


p = otitfy. 

Taking into consideration the load diagram shown in Fig. 3/30 the value of 
is derived as follows: 


P = Hy[b + 2 m ■ tan (45° - 0/2)] - H 2 y tan 2 (45° - 0/2) tan 0 . 

since 


P = 


b + 2m • tan (45° — 0/2) 


= Hy 


tan 0 • tan 2 (45° - 0/2)// 
b + 2m ■ tan (45° — 0/2) 


(3.46) 


tan 0 • tan 2 (45° — 0/2)// 
b + 2m • tan (45° - 0/2) ’ 


thus 
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implying that geostatic pressure is diminished by the friction produced by the 
horizontal earth pressure of the wedges EC and DF acting on the vertical shear 
planes. 

Values of the reduction coefficient for single- and double-track tunnels, as well 
as for various angles of internal friction 4> and depths H are compiled in Table 3/II. 


The Values of 


Table 3/II 


For single-track tunnels 
b = 1 m, wi = 8 m 


* \ 

*<-7 .-. 

!5° 

20° 

25° 

30° 

1 

35° 

40° 

45° 

20 

0-80 

i 

0-79 

0-78 

0-77 

0*76 

074 

0-72 

30 

070 

069 

0-67 

065 

063 

0 61 

058 

40 

0-60 

058 

0-56 

0-54 

0-51 

0-48 

0-44 

50 

050 

048 

0-44 

042 

038 

034 

0-30 

75 

0-42 

0-38 

032 

0-26 

0-21 

017 

012 

100 

0-36 

032 

0-26 

0-20 

015 

012 

009 

125 

0-35 

028 

0-22 

0-17 

012 

009 

0-07 

150 

035 

0-24 

019 

014 

010 

008 

006 

175 

035 

0-24 

017 

012 

008 

006 

004 

200 

0-35 

0-24 

0-17 

0-11 

007 

005 

004 

min. 

0-35 

024 

017 

Oil 

007 

005 

0-03 


For double-track tunnels 
b = 10 m, m = 8 m 



15° 

2<r 

L 250 - 

3<P 

35° 

40 - 

45- 

20 

0'86 

i 

084 

0*84 

083 

083 

083 

083 

30 

0-79 

076 

076 

073 

0-73 

0-73 

0-73 

40 

0-72 

0-68 

0-66 

0-64 

0-64 

0-63 

053 

50 

0-65 

0-60 

058 

0-55 

0-54 

0-53 

0-53 

75 

0-48 

0-42 

037 

033 

0-31 

0-29 

029 

100 

0-39 

0-36 

029 

0-24 

018 

0T5 

Oil 

125 

0-35 

0-30 

024 

019 

0T4 

Oil 

008 

150 

0-35 

0-28 

0-20 

016 

0-11 

009 

005 

175 

035 

0-24 

0-13 

013 

0-09 

007 

0 05 

200 

1 

0 35 

0-24 

017 

012 

008 

0'06 

0'04 

min. 

035 

0-24 

01/ 

Oil 

0-07 

005 

003 


1 3 Sxfechy The Art of Tunnelling 
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The reduction coefficient a x has two limi t values, namely for very small over¬ 
burden depths a = 1 and at several hundred metres depth whenever H > 5B 
the magnitude of a x is no longer affected by depth :na becomes 

a, = tan 4 (45° - 0/2) . 

The second approach of Bierbaumer for developing a reduction factor a 2 was 
also based on friction arising in the sliding earth mass but a detailed description 
of this approach may be omitted as it is not of particular importance. The correct¬ 
ness of Bierbaumer’s formulae could not be completely verified in practice. The 
best results were obtained for cavities excavated at great depths in materials 
displaying high internal friction (shear strength). 

32.312. Maillarfs theory. The basic feature of another theory, that of Maillart, 
is his refusal to accept the belief that the originally uniform distribution of stresses in the 
mountain mass is fundamentally changed by excavation. He maintains that as the size of the 
cavity is negligibly small in comparison with the volume of the mountain masses, its effect 
on stress distribution is presumably insignificant. The determination of pressures is based 
on rock strength. A cavity of rectangular cross-section is considered in the axis of which the 
rock pressure p x is assumed to be smaller than the cube strength of the rock (Fig. 3/32). 
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This is the condition existing in solid rocks where pressures are of no concern as the rock is 
fully capable of resisting the loads. If, on the other hand, the pressure intensity increases to 
p u which is greater than the compressive strength of the rock, the latter will fail towards the 
interior of the cavity so resulting in a structurally more advantageous circular form. On the 
concave surface of the circle the compressed rock is in a more favourable condition than on 
that of the rectangle owing to the favourable inward arching action, as a result of which its 
strength will increase from k to k x . For A, > p u equilibrium is again established regardless of 
the fracturing which has taken place on the sides. Where the pressure p u is higher even than 
the increased strength of the rock (p IU > k t ), the latter will gradually fail again. Considering 
now the equilibrium of an annular rock zone of radius z and thickness dz, situated concentri¬ 
cally around a cavity of radius r, and subjected to the circumferential compression p, and 
a so from both outside and inside to the radial stresses of magnitudes a, and a, 4- da, acting 
in opposite directions, we may write: 


whence 


pdz = (< 7 , + dcr,) (z + dz) — a r z = o, dz + zdo>, 

dz An, 
z p — a 


which on integration yields 


In z = C— In (p—/ a,). 

At the perimeter of the circular cavity, for z = r we have a, — 0 and thus In r 
-om which C = In r + In p. After substitution 


C — In p. 


■ — - •—-— , whence z (p — a,) = rp. 
r p - o, 

% is, consequently, described by a symmetrical hyperbola with the horizontal line represent- 
ng the pressure p and the vertical in the tunnel axis as its asymptotes. Owing to the resulting 
confined state of compression the rock strength is increased by these radial stresses. 

Relying on experiments of Considere and KArmAn, Maillart assumed the following rela¬ 
tionship to exist between the confined compression strength k 0 , the unconfined compressive 
-trength k and the lateral pressure o>: 

_ kl - k- 
"' a(l + k)- 

_ - ere the value of a is 3 t/cm 2 for concrete and marble and 6 t/cm ! for sandstone. 

Putting 3 arbitrarily for a and using k± instead of k the magnitude of the compound stress 
is obtained as 

k 0 = •J'io, (i + k x y- + k\. 

This relationship together with the radial stresses can be seen plotted in Fig. 3/32. The 
rock pressure p n at the side walls is greater than k 0 , so that the rock will necessarily fail. The 
7 'C'cess may be visualized as a progressive fracturing of subsequent thin layers extending over 
■ .-nous periods of time. However, by shifting the line representing the n r values which start 
at zero at the side wall, higher by a small amount<7, 0 , i.e. by providing a certain radial strength 
by an internal radial support for the cavity, the pressure p a will not exceed the rock strength 
« at the side-faces, so that failure will not even be started. Actually it is this pressure a, n 
• Fieri must be carried by the supports. Where the installation of the support system does 
not follow excavation immediately and fracturing of the rock is permitted to proceed, the 
required supporting force will also be greater, as given by the expression a r0 z/r. The importance 
of installing the supports at the earliest possible time is, thus, again demonstrated theoretically. 
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The rock pressure itself around a circular cavity, according to Maillart, will be uniformly 
distribute ! and of the magnitude cr, 0 . It can be obtained in terms of the geostatic pressure by 
replacing k 0 by hy in the basic equation. Thus 


P = a ,o 


(hy )- - (k ,)- 
u(l + k,y 


(3.47) 


(All values should be substituted into the formula in t/cm 2 units.) 

Since the rock strength k, increases also with the depth, the pressure on the tunnel is not 
directly proportional to the geostatic pressure. 

The required thickness of a circular lining can then be calculated from 


where r = the radius of the circle enveloping the cavity 
°w = the permissible compressive stress for the wall. 

For example, the wall thickness of a tunnel at 2000 m depth, in a rock of strength /■' - - 500 
kg/cm 2 , of a density y = 2-8 t/m 3 with a radius r = 5 m is obtained by taking the factor a 
at 3, and the permissible stress in the wall: a„ at 100 kg/cm 2 as 


°r0 — 


(2-8 Xl00- 3 x 2000 x 100 ) 2 - (0-5 t/m 2 ) 2 


3(1 + 0-5 ) 2 


= 0-009 t/cm 2 


v = 500 cm 


0 009 t/cm 2 
0-1 t/cm 2 


= 45 cm . 


32.313. Eszto s theory. The effect of tunnel width is also taken into considera¬ 
tion in the rock pressure theory developed by Eszto on the basic observation 
made in mining that excavation is followed by the development of rupture sur¬ 
faces outcropping to the ground surface. These rupture surfaces become gradually 
steeper as fissures appearing at the ground surface have been observed to start 
almost vertically, their inclination decreasing with depth. Rupture failure, thus, 
takes places along a curved surface rather than along a plane, and the profile 
of this surface is, according to Eszto, a curve of second order, preferably a para¬ 
bola (Fig. 3/33). Any curve of second order could be selected for the profile of 
the rupture surface since the magnitude of the error introduced thereby is practi¬ 
cally the same for all curves, particularly because the overburden rocks are not 
uniform and consequently the curvature of the surface will not change regularly. 
The assumption of a parabola of second order is otherwise justified by the fact 
that in beams exposed to bending and consisting of a material of uniform strength 
the magnitude of tensile stresses varies according to a parabola of second order 
in proportion with the elasticity of the beam. 

As a most suitable parameter for the characterization of the entity of over¬ 
burden materials the angle of rupture ■& has been chosen by Eszto. That is, (he one 
included by the horizontal and the straight line connecting the corner of the roof 
and the point of intersection of the rupture surface with the terrain. The field 
observation of this angle renders no undue difficulty, while the strength properties 
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Fig. 3/33. Assumption model of Eszto’s rock pressure theory 


are likely to change from layer to layer and although their measurement is, in 
principle, possible on specimens obtained from each layer, their behaviour and 
interaction in situ cannot be evaluated. In mining areas the angle of rupture is 
in many cases known from past experience. Naturally, the actual value of this 
ingle depends not only on the strength and stratification of the overburden mate- 
rial but also on the dip of these layers, inasmuch as it will be steeper proceeding 
-pwards than downwards along the dip. Nevertheless, the rupture angle is always 
•latter than the end-tangent of the profile as it reaches the terrain. Eszto assumed 
the tangent to be normal to the terrain, i.e. vertical, where the terrain is horizontal. 
The rupture surface must show an increasing slope towards the terrain, and accord- 
ingly a parabola is adopted whose axis is formed by the horizontal terrain and 
- hose apex coincides with the point of intersection of the chord plotted under 
i he angle of rupture and the terrain. 

The axis of the rupture parabola is thus the line ABB', the apex lying at B', 

hile a point on the parabola is the upper corner of the rectangular cavity D. 
Since BB' = H cotan ft, the equation of the parabola is H 2 = 2 pH cotan ft. 


JJ 

- hence the parameter p == tan ft. The equation of the parabola is thus (cf. 


Fig. 3/33): 


cotan ft 
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and using the notations of the figure the tangent of the parabola at the elevation 
EF is, from the shaded triangle, 


tana 


d y cotan b 

-— = 2x - 

dx H 


1 

or - 

tana 


tan 6 = 


H tan# 
2{H -To ‘ 


In this theory Eszto assumed that the cavity created at depth H and of width 
CD = b would not be called upon to carry the weight of the entire rock prism 
CDAB extending to the terrain, but one part of the rock load would be trans¬ 
mitted by friction and cohesion, i.e. by its internal strength, to the intact environ¬ 
ment. The weight of the elementary layer EF of thickness d h, and of weight 
dp = d hy considered at height h above the cavity would be distributed not only 
on surface CD but on the larger surface GH. The distribution is assumed to be 
uniform and the straight line bordering the stressed zone is assumed to be normal 
to the rupture parabola passing through point F, and to include the angle <5 
corresponding to the tangent of the parabola with the vertical. 3 - 16 
The elementary load dp, produced by the weight of the layer of thickness d/i 
at height h, is distributed in the plane of the roof over a width of b + 2h tan 5, 
so that from the equilibrium of weights it follows that 


yb ■ dh = y(b + 2h tan d) dm . 


where dm — the average thickness of loading layer in the lower plane GH. 
The unit load over width b of the crown is thus expressed as: 


« 


dp = 


bdhy 

b +2/itan(5 


The full roof load is obtained by integrating the above expression between the 
crown and the terrain: 



bydh 

b + 2h tan S 



bydh 
Hh tan b 
H-h 


316 Note. The correctness of this assumption is highly questionable, as it would follow 
from the principle of the rupture plane that instead of the earth mass between the boundary 
verticals of the cavity, it is the weight of it between the rupture surfaces which is to be distri¬ 
buted. This weight would be partly resisted by friction along the rupture surfaces. 
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After integration we obtain 

p=y — 


1 - 


b 1*1 

r- 

b 

--1 - 

H tan b 

Hia.nb | 





b' 

In 

H 

b "\ 

1 - 

b' 2 1 

h\ ’ 


H 


where b' = b cotan ft. 


(3.48) 


For lack of practical observation values of b, it may be taken either as b = 
= 45° + (j)/2 (where cj> is the angle of internal friction), or as 63-5° (tan b = 2) 
as is common practice in mining. 

As pointed out by Eszto himself 317 , the pressure calculated according to his 
theory should not be used as a design criterion in practice. It is, however, con¬ 
sidered suitable for clarifying potential pressure variations under varying condi¬ 
tions by establishing proportions and relationships. In fact, the greatest merit of 
Eszto’s theory is that it provides a better insight into the influence of the factors 
governing the magnitude of rock pressure. His considerations relating to the 
vertical and horizontal distribution of pressures around cavities and comparative 
studies on confined underground spaces are of special interest. 


Considering the role of various factors included in the equation the rock thickness capable 
of transmitting 50% of the total pressure is determined first. It follows that 


the solution of which yields: 


P_ = dh 

2 V { b + 2h tan <5 ’ 


' x (H „ l] 

X 

b | 

i r, n 

b ' 


- If 

H tan d j 

-ln-^- tan # — 

2 b 

+ H tan# 


= 0 , 


whence the value of x can be calculated by substituting the appropriate H, b and tan & values. 
Depending on the width and depth of the cavity, x was found to range from 8 to 15 m. 
Table 3/III is compiled for various combinations of width and depth by taking b = 63'5°. 


The Values of x Table 3/III 


Depth (IT) 

b = 2m 

b = 4 m 

i = 8m 


100 m 

5-5 

7-5 

100 

= X 

200 m 

80 

110 

14-9 

== X 

400 m 

11-5 

160 

22-0 

= X 


117 Eszto, P.: A kozetmozgasok mechanikai elemei (Mechanical elements of rock move¬ 
ments), Banyaszati is Kohaszati Lapok 1939 24 







200 


ANALYSIS OF LOADS 


It is interesting to note that even under several hundred metres of overburden the magnitude 
of pressure is controlled by the layers situated immediately above the crown, consequently 
the quality of these layers is of paramount importance. 

Concerning the influence of depth it is shown by substituting numerical values that pressures 
vary according to its one fourth (1/4) power, but the rate of increase is more rapid in layers 
of poorer strength and in wider cavities. The influence of both the angle of rupture d and 
the width of the cavity b on the magnitude of pressure is much more .pronounced, inasmuch 
as pressures vary as the 3/4-th power of the width and of the tangent of rupture angle as 
illustrated by the values of Table 3/IV calculated for y — 2t/m 3 . 


Table 3/IV 


0 = 45° 


H (m) 

b (m) 

20 

40 

80 

100 

p - 12-2 

19-6 

30-3 

200 

14-8 

24-4 

39-2 

400 

17-4 

29-5 

48-8 


« = 63-5° 


H (m) 

Confined cavity 
d (m) 

b (m) 

4-5 

90 

20 

40 

80 

100 

p — 3-9 

7-0 

7-4 

12-2 

19-6 

200 

4-1 

7-8 

8-7 

14-8 

24-4 

400 

4-3 

83 

100 

17-4 

29-5 


« = 76° 


H (m) 

b (m) 

20 

40 

80 

100 

p =4-3 

7-4 

12'2 

200 

50 

8-7 

14-8 

400 

5-7 

10-8 

17-4 


A closer study of the table shows that by doubling the width the pressure is increased by 
63% for # = 45°, by 67% for & = 63’5°, and by 71 % for # = 76°, furthermore that the in¬ 
crease is 63 % at 100 m depth, 67% at 200 m and 71 % at 400 m. Pressures are thus seen to 
increase with width at a higher rate in rocks of better quality and at greater depths (although 
producing reduced absolute values!). 

Pressures developing under identical conditions above confined underground 
spaces (halls) are subsequently investigated (cf. Section 32.23). Denoting the dia- 
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meter of a cavity of circular plan by d, the differential equation describing equi¬ 
librium conditions assumes the form 


j 2 

y ™ d h = y dm (d + 2h tan <5) 2 ~ = dp (d + 2h tan <5) 2 , 


whence 


H 


P= y = J 


yd 2 dh 


Substituting the value 


we have 


tan <5 


(d -f 2h tan ft) 2 
7/tan ft 


H 

o 

taking the form after integration 
d cotan ft 

P = 

i 

1 


2(7/ - h) ’ 
(// - hf d/i 



h A 

2 > 

H+h 

— tan & — 1 
a 



1 - 


H tan 


7 , H 

—- tan ^ 

H tan ft d 


H tan ft I 


(3.49) 


For comparing these results with the pressure obtained in the foregoing for 
a lineal tunnel it is necessary to reduce them to the same area. This may be accom¬ 
plished by using the ratio d= 1T28 b obtained from the relationship d = b yfifn. 
By computing the pressures pertaining to various widths and depths in this way, 
again for an angle of failure ft = 63-5°, the values compiled in Table 3/V are 


Table 3/V 


H (m) 

b — 40 m 
a — 4'5 m 

b = 8'0 m 
a = 90 m 

100 

p - 3-9 (12-2) t/m 

p = 7 0 (19-6) 

200 

p = 4-1 (14-8) 

p = 7-8 (24-4) 

400 

p = 4-3 (17-4) 

p = 8 3 (29-5) 


obtained. As revealed by a comparison with the previous table the pressures 
above a linear tunnel are 3 to 4 times higher than above a cavity of circular plan. 
The advantages offered thereby are utilized in practice when using an excavation 
front which is circular in plan (cf. Section 61.2). 
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32.314. Terzaghi's rock pressure theory. This theory was developed originally 
for cohesionless, dry, granular soils, but it can be extended to cohesive soils as 
well. In correspondence with actual conditions he assumes a moisture content in 
the sandy soil sufficient to secure the cohesion value necessary to maintain the 
vertical position of the face in minor headings. The sand masses around the 
cavity are already disturbed by excavation, and movement continues when the 
temporary supports are installed after the tunnel has been excavated to full 
section. These displacements are sufficient to lead to the development of a set 
of sliding planes characterizing the state of imminent rupture in the sand. It is 
therefore justifiable when determining the width of the earth mass suffering 
displacement to use the inclination 45° + </>/2 of the plane of rupture associated 
with active earth pressure. This width is thus obtained as 


B= 2 


+ m tan (45° — (f>/2) 


The displacement of the earth mass is counteracted by friction developing on the 
vertical shear planes. 

The vertical boundary planes of displacement may be represented by the ver¬ 
ticals drawn at the ends of the element of width B. The shear strength acting along 
these verticals in resisting displacement may be assumed as 


t = c + a tan </> = c + cr A tan </> ■ 


If the unit weight of the soil is denoted by y and the uniformly distributed 
load q is assumed to act on the ground surface, and further, if the ratio of hori¬ 
zontal and vertical pressures is expressed by the empirical constant K, then the 
horizontal normal stress a h acting normally to the shear plane and due to the 
vertical stress o„ developing at any depth z under the ground surface can be ex¬ 
pressed in the form o h = Kcr v . 

Forces acting on the prism of width B and height dz at depth z are illustrated 
in Fig. 3/34. The equilibrium of these forces may be expressed as 


By dz = B(o v + do,.) - Ba, + 2t dz . 


Substituting 


we have 
whence 


<*h = t = c + o h tan <f) = c + ko v tan 0 , 

By dz = B((7 V + do-,,) — Bo v + 2c dz + 2ko v dz tan 4 >, 


do,. 2c tan (/> 

-dr-»-T- JAr ’•~b- 
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Distribution of vertical pressures in the horizon- 



nriF^ 


[H 

Hill 

11 tat plane of the crown 






Fig. 3/34. Basic assumptions of Terzaghi’s rock pressure theory 


\ssuming the boundary condition cr^ = q at depth z = 0, the solution of the 
differential equation is 


B 


(T„ = 


7 ~ 


2c 

If 


2 K tan (j) 


2z 

— Ktan<{> - 

1 - e n 


+ qe 


2 z 

— K tan - 

B ' 


ror c = 0 and q = 0 


er„ = 


By 


v 2K tan 4> 


2 2 

— K tan 4> — 

l-e B 


.:nd by substituting in any particular case the depth of overburden H into the 
equation, the rock pressure is obtained as 


By 

2K tan (f> 


— K tan 


2 H 


— e 


(3.50) 


At greater depths arching action no longer extends to the ground surface 
In his experiments Terzaghi found the value of the coefficient K to increase 
gradually from 1 to 1-5 over a height corresponding to B, and beyond heights 
greater than 2-5 B the displacement of the lower layers did not affect stress con- 
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ditions in the upper sand layers, so that no arching developed there. Rock pressure 
may consequently be regarded as being composed of two terms. Denoting the 
heights up to which arching action extends and thence up to the ground surface 
by H 2 and H u respectively, the soil mass in this latter may be considered an 
external load of magnitude q = H x y acting on the soil arch and, thus, the pressure 
acting on the roof is, in accordance with the theory derived (Fig. 3/35), 


Pv 


yB ( 

2K tan </> 



+ yH x e 


K tan <j> 


2H, 

B 


(3.51) 


Height H 2 increases as the roof is placed lower and lower, and as soon as H.. 
increases to at least 1/5 of the entire overburden depth H, the effect of the second 



Fig. 3/35. Rock pressures 
at greater depths 
(after Terzaghi) 


term becomes negligibly small, while the expression in brackets of the first term 
approaches unity. The earth pressure at very great depths thus becomes 


Pmax 


yB 

2 K tan </>" ’ 


and is unaffected by overburden depth. Relying on experiments and experience 
Terzaghi found the value of K to be approximately unity. Taking this into con¬ 
sideration the modified formula yields a linear relationship between rock pressure 
and increased width of excavation, and shows a strong resemblance to the for¬ 
mula developed by Protodyakonov (cf. Section 32.324) from which it differs 
essentially only in yielding a uniform, rather than a parabolical pressure distri¬ 
bution in the tunnel cross-section. 
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On the basis of the fundamental relationship Terzaghi’s theory can in principle 
be extended to cohesive soils as well, in which case the rock pressure would be 
obtained as 


Pv = 


2c 

B y - 

_T_ B 

2A^tan0 


2 n 


1 — e 


(3.52) 


2c 2c 

No rock pressure would develop at all for y = ——, i.e. for 2?<-. In practical 

B y 

2c 

terms this implies, however, no more than the fact that in the case where B >-, 

V 

the cavity must be supported temporarily because of the tensile stresses developing 
above the roof, and the roof itself is preferably excavated with an arch-like form 
in order to protect it against the outbreaking wedge. Owing to the basic assumptions 
themselves the theory yields useful results in dry granular soils and in the case of 
moderate overburden depths (H < 3 B) only. 

As demonstrated by Goldstein 318 the delayed shear strength of clayey soils is 
only 50-70% of the initial value, i.e. the value of t decreases with time. Since in 

cohesive soils the roof pressure p v = H |y — ~ , an explanation would be offered 

thereby for the gradual increase of roof loads acting on tunnels built in clay soil: 
(cf. Fig. 3/67). 


32.315. Jaky’s concept of theoretical slope. This concept was introduced by Jaky i>, 
1925 on the basis of Cullmann’s cohesion-parabola. The slope on the margin of lability becomes 
steeper with decreasing height and assumes an overhanging form at very low heights (Fig. 
3 36a). According to Jaky the cavity is acted upon by the soil masses remaining beyond thi 



; 1 Goldstein, M. and Viriumsky, V.: Vliyanie polzutsesti na gornoye davleniye (The 
effect of soil creep on roof pressures), Transp. Stroit. 1954 4 
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theoretical slope lines fitting to the cavity. The theoretical slope line can be determined by 
constructing the tangents on the basis of Cullmann’s parabola. The depth where the tangent 
to the slope line becomes vertical is determined theoretically as 

_ q cos (30° - 0/3) 
m ° ~ ~2 sin 2 (60° - 2/3 0) ' 

(a) In the case of headings located above the limit depth m 0 the intersecting curves yield 
a roof load only, which is distributed in the shape of a triangle. 

(b) In cases where the heading is located below the limit depth m 0 a lateral pressure will 
also be present. By fitting the theoretical slope lines to the lower corner points of the excavated 
section, the area enclosed by tfie intersecting curves yields the magnitude of the earth mass 
exerting the pressure (Fig. 3/36b). Owing to its conceptual deficiencies this theory has found 
no use in practice. 

Balla assumes in his theory 3 - 193 that the medium lying above the cavity will suffer loosen¬ 



ing and a downward movement as a consequence of the breaking out of the cavity. 
This displacement will suffice for the mobilization of the shear strength of the material and 
consequently downward movement must take place along some kind of sliding surface. 

He arbitrarily assumes the presence of circular sliding surfaces and that they will start 
from the upper corners of the rectangular cavity. The radius of the circle, in addition, will 
be defined by the assumption that in the intersection of the two cylindrical sliding surfaces, 
in the axis of symmetry they must join to a tangent inclined to the horizontal at (45° — 
— 0/2), corresponding to that of the sliding planes of passive earth pressure (Fig. 3/37a). 

With the distribution of stresses along the sliding surface being determined after Kotter’s 
differential equation, the rock pressure is obtained from the equilibrium of all forces acting 
vertically upon the sliding ground mass: 

G + Q, + K, + P = 0, 

where G denotes the weight of the sliding earth mass enclosed within the circular sliding sur¬ 
faces, Q v and AT,, represent the resultants of shear stresses, viz. of cohesion acting along the slid¬ 
ing surfaces and with P, the resultant of rock pressure, acting upon the roof of the cavity. 

3193 Balla, A.: Rock Pressure Determined from Shearing Resistance, Proc. Int. Conf. Soil 
Mech. Budapest 1963, 461 
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After tlie determination of these 
values as functions of the dimensions 
and location, depth of the cavity and 
of the strength characteristics of the 
overlying ground mass and assuming 
a uniform distribution of the roof 
pressure (p a ) he obtains 

In this expression F H , F B and F c 
represent factors depending on the 
angle of inner friction (<f0 of the 
ground material, the values for which 
may be taken either from Fig. 3/37b 
of from the following table: 


* 

f h 

f b 

F c 

io° ; 

+ 0-6814 

+ 0-1502 

+ 1-8066 

o 

O 

<N 

+0-4145 

+ 0-2577 

+ 1-6084 

30° 

+ 0-2109 

+ 0-3277 

+ 1-3667 

40; 

+ 00757 

+ 0-3671 

+ 1-1016 

45° 

+ 00333 

+ 0-3774 

+ 0-9667 


An inherent defect of this theory 
I es in the fact that both the loosening 
and pressure of the lateral earth mas¬ 
ses are neglected as the sliding sur¬ 
faces are started from the corner 
points. In addition, numerical compa¬ 
rative results make it clear that the 
cTect of cover depth (F H factor) has 
a predominant and very slowly di¬ 
minishing effect. 


F:o. 3, 37b. Resistance factor diagrams 
of Balla 
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32.316. Suquet s theory of rock pressure. This theory of Suquet® -191 ’ was developed 
from observations made during the construction of the Paris Underground system. The 
assumption underlying thetheoryis that the rock mass ACBB'A' above the cavity - bordered 
by failure planes extending to the ground surface and having a slope which depends on the 
strength of the rock — will move downward and in doing so will bear as an arch on the snrina- 
ings AA' and BB' (Fig. 3/38). 

The soil arch is, -however, capable of transmitting to the springings only a part of the total 
load proportional to its strength, leaving the rest acting on the cavity. This excess load is 
determined by calculating from the unconfined compressive strength of the soil the unit 
weight / which does not result in a load exceeding the bearing capacity of the soil. The 
maximum stress developing in the soil mass is 



Fig. 3/38. Principle of Suquet’s theory 


a 


2/ 

■ b 

[h + ^\ 


y 

3 

. {H + my 

H 


tan a 

+ 2 J 


The total load is 


2 V 

r b 

2 

Kfj 

H 


tan a 


+ 


{H+ my 


(3.53) 


which assumes the simplified form 


P = 2y 


b H | 

2 tan a 2 I 


if the height m of the cavity becomes negligibly small in comparison with the overburden 
depth H. By equating the pressure obtained with the unconfined compressive strength a. 
of the soil, the limit unit weight y* can be expressed as 


____ o 

-*-+*! 
tana 2 J tana 

and the partial pressure to be carried by the cavity is 

Po = H(y - yf 



32.32. Theories Neglecting the Effect of Depth 

The second group of rock pressure theories deal,' essentially, with the deter¬ 
mination of loosening pressure since the existence of any relationship between 
the overburden depth and mountain pressure is denied. A common feature of 
these theories is the assumption that the temporary supports, or permanent lini ng 

3 - 19b Annales des Fonts et Chaussees 1920 4, 1928 5—6 
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of the cavity will be acted upon only by the weight of the stress-free body devel¬ 
oped as a consequence of relaxation following excavation. This assumption is, 
of course, incorrect. It is invalid in the vicinity of the ground surface, and at small 
depths, but it is equally invalid at several thousand metres depth where the rock 
material is in an almost plastic condition, just as in all cases where the quality 
of rock (pseudosolid rocks, plastic soils) is such as to permit plastic deformation 
to take place on the side walls as a consequence of original geostatic pressure 
which is relieved by excavation. Neither is the theory valid in perfectly plastic 
materials having an angle of friction equal to zero. 

These theories assume the development of arching action in the rock material 
and the size of the load mass depends, according to one approach, on the strength 
characteristics such as angle of internal friction of the rock material and on the 
size of the cavity, while the other approach attributes a decisive role to the manner 
in which the stress distribution is changed in the vicinity of the cavity. 

32.321. Kommerell's theory. The oldest and most widely known of these theories 
is that developed by Kommerell, who determined the height of the loading body 
from the deformations of the structure supporting the cavity excavated. The 
theory is justified by the consideretion that the displacement, or deflection, 
of the supporting structure is representative of the 
displacement suffered by the disturbed soil mass. 

As a consequence of this displacement the mountain 
material is relaxed to a height h, which is equal to 
the height of the soil column capable of filling this 
space of height e by loosening. If the ensuing spe¬ 
cific strain is denoted by 8 (%), 


h8 100 e 

e = —— and thus h = —-— (Fig. 3/39) 
1UU o 


■vhere <5 is the loosening coefficient of the moun¬ 
tain material as a percentage, having for various 
soils and rocks the values given below: 



Fig. 3/39. Annotations 
and shape 
of Kommerell’s 
pressure diagram 


8 (%) 

loose granular soil (sand) . 1— 3 

moderately cohesive soil (dry clay). 3— 5 

cohesive soil (marl, gravelly clay). 5— 8 

soft rocks (sandstone, limestone). 8—12 

solid rocks.10—15 


The supporting structure is required to carry the weight of a rock mass bounded 
by a parabola, or half ellipse of height h. The equation of the ellipse would be 


14 Szichy: The Art of Tunnelling 
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and since 


while the total load 



100c 4x 2 y 2 < 5 2 

' l = 3 + (100e) 2 = * 

n b , it b lOOe 

P = -irV -x-h = — y— . 


(3.54) 


Where the mountain material is loose, or soft enough for lateral pressures also 
to be anticipated, the curve enveloping the loading body should be started from 
the points of intersection of the extended roof line and the straight lines drawn 
to the slope 45° + <j>/2 from the lower corner points of the cross-section. Other¬ 
wise the curve should be started from the corners of the roof of the cavity. 

The theory of Kommerell should be regarded - in spite of its popularity - 
merely as a rough approximation for the following reasons: 

1. Loosening is possible in granular soils only as a result of the redistribution 
of individual particles. Loosening as such is impossible in solid rocks, where 
only elastic expansion upon load release can occur, but this is of the order 
of a few millimetres only. 

2. The linear relationship assumed to exist between the deflection of the roof 
beam e and the height h of the loading column could not be verified by 
measurement and cannot be explained theoretically. 

3. Neither the dimensions or material of the roof beam, nor the width of the 
cavity are accounted for in the formula. Yet in evaluating the deflection, 
both the dimensions and span, as well as the material of the deflected beam 
are important factors, since the load producing a given deflection will vary 
within very wide limits depending on those factors. 


An attempt has been made to partially eliminate these shortcomings by 
T. Harosy 3 ' 20 who expanded the formula to take into account the deformations 
of the beam itself (i; f ) and of the backspace (w 03 ), and the settlement of the 
invert. 

The intensity of the uniformly distributed rock pressure is thus: 


ayw’os 


1 — ay 


1 


+ *1f\ 


(3.55) 


3 - 20 Harosy, T.: Betonalagutak tervezese (Design of concrete tunnels), MTA Oszt. Kdzte 
menyek 1958 XXIH 1-2 



BASED ON DISPLACEMENT AND EQUILIBRIUM ASSUMPTIONS 


211 


where a = 100/5 

C = the coefficient of elastic subgrade of the soil under the invert. 

32.322. Forchheimer's rock pressure theory. On the basis of careful experiments, the 
'ock pressure theory of Forchheimer 3-21 was developed for cohesionless, dry, granular soils 
on the analogy of pressure acting on a hole at the bottom of a bin. From these experimental 
results it was concluded that the pressure acting on the movable bottom plate is not related 
to the height of the sand column, and is proportional to the weight of a body with a fixed 
• rape which, in turn, is governed by the size of the bottom opening. Consequently the pressure 
is essentially proportional to the cube of the diameter. 

The pressure on the moving bottom plate is 

yF 2 1 + 2 tan <j> 

2 U tan <j> 


which in the case of a circle is 


P k =y 


1+2 tan 2 4> 
tan <t> 


nr 3 
~4~ ’ 


i n that of a square with sides a is 


P*=Y 


1 + 2 tan 2 


tan 4> 


* n ile for a rectangle with sides a and h 

1+2 tan 2 <f> o'- b 2 

1 ^ tan <t> 4 (a + b) 

For a linear tunnel structure of width b the pressure intensity is, finally, 


P = 


1 ,1 + 2 tan- <t> 

— yb -- 

4 tan 0 


(3.56) 


i t should be noted here that Stini also found this theory of little practical value and suitable 
mainly in stratified rocks over adit sections adjacent to tunnel portals. 


32.323. Ritter's theory. In a second group of theories an attempt is made to estimate 
the height of the developing natural arch rather than friction along failure planes, and to 
•ctermine therefrom the weight of the enclosed loosening core, considered as the load acting 
on the tunnel. 

The first to adopt this approach to the theoretical determination of vertical rock pressure 
as W. Ritter, Professor at Riga, according to whom the magnitude of the vertical pressure 
-tay be regarded as the difference of the weight of material within the principally unknown 
--essure line and the vertical components of tensile (frictional) forces developing along it: 

P = G — z. 

21 Forchheimer, P. : Uber Sanddruck und Bewegungserscheinungen im Inneren trockenen 
ndes, Zeitschr. 0. I. A. V. 1882 
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If the tensile forces acting normal to the arch surface are denoted by zy, the vertical projec- 

zy d s 

tion thereof over the arch length ds will be - (Fig. 3/40). The weight of material within 

cos a 

the pressure line will be 



c = y S y d.v 


and thus, the roof load will be 


p = y J ydx - yz J 


d.s 


This differential equation is solved 
for the criterion of maximum roof 
load, i.e. the surface enclosed by the 
curve ABC should include the .greatest 
possible weight of material at the 
shortest arch length. The equation 
derived from this criterion is 

y = C 0 + C t x + C«x', 


where the unknown constants are 
to be determined from the bound¬ 
ary conditions, i.e. y = 0 for x = 0, 
and x = b, and further the criterion of a maximum is that the second derivative of 

the curve should be y" =-. Substituting accordingly, the equation of the meridian sec¬ 


2 z 


tion of the arch is obtained as 


y = -7- (b — x ), 

4 z 


which describes a vertical parabola with its apex at B. The greatest height of the arch is at 
the midpoint x = b/2 and has the value 


h = 


b- 
16 z 


The intensity of the roof load is 


<3 ' 57> 

In spite of the considerable mathematical apparatus used in its development, the theory has 
not been corroborated in practice. The theory was, however, completed by very valuable re¬ 
search into the most advantageous shape of the cross-section, for which an ellipse was suggest- 
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ed 3 - 22 where the square ratio of the minor and major axis equals Rankine’s lateral pressure 
coefficient: 

h- 

— = tan 2 (45° - </>/2) 
a- 

(cf. Section 22.32. and Fig. 2/48). 


32.324. Protodyakonov's theory. This is similarly founded on the determination 
of natural arching in the rock. The theory, which has gained wider popularity in 
practice following favourable experiences in Soviet tunnel and underground con¬ 
struction, is very useful within certain limits. In developing his theory for 
granular materials, Protodyakonov assumed the development of an arch above 
the cavity of which the equilibrium is not ensured unless the stresses along the 
line ACB (Fig. 3/41) are purely compressive and are not associated with bending. 
The arch produced under this assumption will follow a parabolic line with good 
approximation. The forces acting on any section DO of 


the arch are: 


(a) The horizontal resultant T of reac¬ 
tions acting from the right at the 
crown O. 

(b) The resultant px of vertical pres¬ 
sures. 

(c) The tangential reaction R' at point 
D of forces acting from the left on 
the lower half of the arch. 

Taking the moments about D we have 


A/ o = -7> + ^- = 0, 




At the springing A, pressure is exerted Fiq 3 , 41 Annotations 
by the resultant R which can be resolved and assumptions of 

into a vertical component V and a ho- Protodyakonov’s theory 

rizontal one H. The vertical component 

depresses the arch to the supports, while the horizontal one tends to displace it. 
The strength of the natural load-bearing arch can be derived from the condition 
•hat any displacement by the horizontal force N is prevented by the frictional 
resistance developing in the plane A-B under vertical pressure. 


With symbols: N = Vf where 
tion = tan </>. 


b 

V ~ P ~2' 


and /, the coefficient of internal fric- 


Horvath, J. : Kozetnyomasi elmeletek (Rock pressure theories), Banyaszati Lapok 
1954 Febr. 
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An additional safety reserve against displacement is provided by the shear 
stresses t mobilized in the lateral rock masses. Thus 


N = p~f-zh. 


Substituting the corresponding boundary values x = b/2, y = h and T = N, 
into the general equation of the parabola, relative to point D we have 


whence 



Py/- tA 


h, 


i = p 


b 

2 


4fh-b 
4 h 2 


Height h of the arch is derived from the condition that it is associated with the 
maximum value of shearing resistance t. The above expression is therefore differ¬ 
entiated with respec' to h 


whence • 




= 0 , 


2/ 2 tan <p 

Substituting this value into the expression for r we obtain 


(3.58) 


T = 


pp_ 

2 ’ 


and inserting this into the boundary condition 


T = 


P-Jf- 



after substitution the equation of the parabola becomes 


/«* 

~r = Ty= 4 


pfb 2x 2 

— y ’ y= ~bf 


(3.59) 


The load acting on the tunnel is, thus, the weight of the rock masses confined 
within the parabola; those lying outside this line being transmitted by arching 
action/ The area of the parabola is 
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and the load .per unit length is 

P = yS = y bhy , 

and substituting the value 

2 tan 4> 

we have 

1 b 2 

P = — v-, 

3 r tan</> 

1 b u 

which when transformed to specific pressure p= — y ——-r shows a certain 

j tan (p 

resemblance to the simple formula of Terzaghi for great depths (see Eq. 3.51). 

His theory was tested by model experiments, which revealed that, with the 
exception of small overburden depths, pressures are not alfected by the depth at 
which the tunnel is located. These experiments involved granular materials, but 
the theory was applied to cohesive soils as well by using an appropriate value for 
the coefficient / (to which he referred as strength coefficient). In cohesive soils 

/ = tan </> + —, whereas in rocks / = , where a c is the unconfined comp- 

<r c 100 

ressive strength and o k is the cube strength of the rock. Empirical values were 
collected and compiled for various soils in Table 3/VI. 

When selecting the value for the strength coefficient, the condition as well as 
the type of rock must also be taken into consideration. 

The theory of Protodyakonov has been found to yield satisfactory results at 

depths from--— to —in Soviet practice (Volkov). Satisfactory results 

2 tan 4> tan </> 

were obtained, although rather on the conservative side, in the construction of 
the Budapest Underground, as well. The two main objections which can be 
raised are: 

1. The height of the load-carrying arch, as obtained by the formula, varies as 
a linear function of width, although actually this relationship should be 
much more involved. 

2. The tabulated determination of strength coefficients is inaccurate and may, 
in many instances, be selected arbitrarily within very wide limits. 

In Soviet practice the principles observed when determining rock pressures 
may be summarized as: 

(a) The basic assumption underlying any computation of rock load is the 
development of a load-carrying arch which will always develop above the 
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Strength Factors after Protodyakonov 


Cate¬ 

gory 

Strength 

grade 

Denotation of rock (soil) 

Unit weight 

(kg/m*) 

Crushing 

strength 

(kg/cm*) 

Strength 

factor 

/ 

i 

Highest 

Solid, dense quartzite, basalt and 
other solid rocks of exceptionally 
high strength 

2800 

3000 

2000 

20 

ii 

Very high 

Solid, grayite, quartzporphyr, silica 
shale. Highly resistive sandstones 
and limestones 

2600-2700 

1500 

15 

hi 

High 

Granite and alike. Very resistive 
sand- and limestones. Quartz. 
Solid conglomerates. 

2500-2600 

1000 

10 

Ilia 

High 

Limestone, weathered granite. 

Solid sandstone, marble. Pyrites. 

2500 

800 

8 

IV 

Moderately 

strong 

Normal sandstone 

2400 

600 

6 

IVa 

Moderately 

strong 

Sandstone shales 

2300 

500 

5 

V 

Medium 

Clay-shales. Sand- and limestones 
of smaller resistance. Loose 
conglomerates. 

2400-2800 

400 

4 

Va 

Medium 

Various shales and slates. 

Dense marl. 

2400-2600 

300 

3 

VI 

Moderately 

loose 

Loose shale and very loose lime¬ 
stone, gypsum, frozen ground.Com¬ 
mon marl. Blocky sandstone, cem¬ 
ented gravel and boulders, stoney 
ground 

2200-2600 

200-150 

2 

Via 

Moderately 

loose 

Gravelly ground. Blocky and fis¬ 
sured shale, compressed boulders 
and gravel, hard clay. 

2200-2400 

— 

1-5 

VII 

Loose 

Dense clay. Cohesive ballast. 

Clayey ground. 

2000-2200 

- 

10 

Vila 

Loose 

Loose loam, loess, gravel. 

1800-2000 

_ 

0-8 

VIII 

Soils 

Soil with vegetation, peat, 
soft loam, wet sand. 

1600-1800 

- 

06 

IX 

Granular 

soils 

Sand, fine gravel, upfill 

1400-1600 

- 

0-5 

X 

Plastic 

soils 

Silty ground, modified loess and 
other soils in liquid condition 

- 

- 

03 
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tunnel. Within this arch a loosening (fragmentation, plastic deformation) 
will take place and the tunnel supports have to be dimensioned to resist 
the weight of this loosened rock mass (Section 4.15.) 

(b) Where the underground structure is built in loose sedimentary rocks where 
tan (f) < 0-8 (cj) < 40°) and the overburden depth is less than 2-5 B, i.e. 
H < 2-5 [b + 2m tan (45° — </>/2)], the structure must be designed to carry 
the full geostatic pressure calculated at the full depth below the terrain. 

(c) In soils composed of various layers of adequate thickness the physical prop¬ 
erties of the layer immediately above the tunnel only must be taken into 
consideration, the development of the stress-free body being no longer 
affected by subsequent layers. Their load-increasing effect may be taken 
into account in the distribution of assumed stresses. 

(d) In the case of tunnels built in clay under the groundwater table swelling of 
the clay must be anticipated. The effect of swelling may be taken as equiva¬ 
lent to the weight of a soil column extending up to the groundwater table. 

32.325. Engesser's theory. Arch action on the analogy of masonry arches is again the 
principle underlying the theory developed for rock loads by Engesser 3-23 , who considered 
cohesionless rock masses of infinite extension below a horizontal plane in his investigations. 

For determining the minimum specific pressure Engesser arbitrarily assumed this to occur 
when the angle <p included between the end tangent of the load-carrying arch and the horizontal 
equals the angle of internal friction <j> of the rock. With this assumption 


•Pmin 


hb tan 2 (45° - <ft/2) 

2 h tan <t> + b tan 2 (45° — 4>l 2) 


+ 


tan (j> 


(3 60) 


The full load on the plane AB, including the weight of the circle segment, is 


P — 4b-y 


( _ * 

I 2 h tan i 


tan 2 (45° — <f>/2) + tan <p 


2h tan <p + b tan 2 (45° — 4>l2) 6 


cr at a great depth and if the angle is not excessively small 


P = 4b- y 


cotan tan <j> 
tan 2 (45 - 4>l 2)-- + -~- 


ii. the pressure becomes independent of depth. 


123 Horvath, J.: Kozetnyomasi elmeletek (Rock pressure theories), Bdnydszati Lapok 
1954 Febr. 
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The theoretical results were checked against experimental ones. Engesser used sandy soil 
for these experiments and observed fair agreement provided h St 1'5 b. For small depths there 
appeared to be a discrepancy between actual conditions and those obtained by theoretical 
calculation. 

Further, in cases where excavation is carried out with the help of blasting he pointed to 
the necessity for taking the loosening effect of the latter into account. For this purpose the 
width B of the range effected by the blast should be substituted into the formula instead of 
the width b of the tunnel (Fig. 3/42). The height x of the fractured rock material is, however. 



Fig. 3/42. Arching in the cracked 
rock layer above 
the cavity (Engesser) 


in general unknown and an approximate method was developed to obtain it. Assuming 
that the tangent of the parabolic loosened core will include an angle equal to the angle <t> 
of internal friction between the extreme point A and the horizontal secant of the parabola, 
the half-length AD of the chord can be expressed from the triangle ADC in terms of the 
load parabola as 


CD = 


Ih 

tan 4 > 


b m + x 

T + tan (45° + ’ 


whence 


and 


x - lh - tan (45° + 4>l 2) - m , 
tan <j> 2 

B = 2(m + x) tan (45° — </>/2) 4- b. 


Roof load is thus due to the combined effect of the rock shattered by blasting below line 
AB, and above by that bounded by the parabola: 


p = xy + By\ tan 2 (45° — tp/ 2) 


cotan <t> tan 


+ 


<t> 


2 


6 


(3.61) 
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3.3. DETERMINATION OF LATERAL PRESSURES ON TUNNELS 

Although the analysis of loads acting on tunnels is concerned mainly with the 
vertical or roof pressures,-the magnitude of lateral pressures is not less significant 
for the structural dimensioning of sections. In fact, as demonstrated during the 
detailed discussion on genuine mountain pressures, the side walls of the cavity 
excavated are the first to fail owing to the less favourable structural conditions 
developing in the rock there. In some instances lateral pressure may therefore 
play a more important role than the roof load. Also, its theoretical estimation 
is more involved than that of the latter, since its magnitude is even more effected 
by the extent of deformations of the section, so that its value depends increasingly 
on the strength of lateral support-besides the properties of the rock and dimen¬ 
sions of the cavity. Lateral pressures are also much more affected by residual 
geological stresses introduced into the rock mass during its geological history 
which are released upon excavation and whose magnitude depends on the defor¬ 
mation suffered by, and the elasticity of, the rock, but is unpredictable. Genuine 
mountain pressure and swelling pressure which cannot be evaluated numerically 
may act in full on the side walls. 


3.31. APPROXIMATE DETERMINATION OF LATERAL PRESSURES 

Lateral pressures in soils are determined approximately from earth pressure 
theory, as a product of geostatic pressure, or roof load and the earth pressure 
coefficient, respectively in terms of the lateral strain. (It should be noted that on 
some occasions the lateral thrust actually observed was greater than anticipated 
on the basis of geostatic pressure.) 

Lateral pressures are, according to Stini, in contrast to roof loads, in a linear 
relationship with overburden depth. This has been proved also by recent model 
tests and in situ stress measurements in the Donnerbiihl tunnel in Bern (cf. Sec¬ 
tion 3.33) 

At greater depths pressures on the springings are usually higher than on the 
roof, but at the same time frictional resistance is also higher. Again, the effect 
of geostatic pressure on lateral thrust is less disturbed by stratification than in 
:he case of roof loads. 3 ' 24 

Lateral pressures compiled according to practical experience are given in Table 3/1. 

As may be noted from the table, lateral pressures range from one-fourth to 

ne-third of the roof pressure. Latent geological stresses in the rock may radically 
liter this ratio. Thus, e.g. lateral pressures three times as high as the roof load were 
,.c:ually observed in one of the tunnels at Hoover dam. 


: Note. As an example, Tsimbakyevitch suggests the determination of the lateral pressure 

- each layer separately by reducing the vertical pressure computed from the thickness and 
unit weight of the layers above the cavity by Rankine’s coefficient. 
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According to Terzaghi a rough estimate of lateral pressure is given by the fol¬ 
lowing formula: 

Ph = 0-3y (0-5 m + h p ), 

(cf. Fig. 3/5), where h p is the height of the loosening core representing the roof load; 
in granular soils and rock debris, on the basis of Rankine’s ratio 

Ph = y//tan 2 (45° - 0/2), 
and finally, in solid rocks, relying on Poisson’s ratio 

P^J—Po- (3-62) 

According to Soviet practice, and the design code developed for the Budapest 
Underground Railway lateral pressures should be assumed in a linear distribution 
and should be based on the vertical pressure estimated by one of the rock pressure 
theories instead of on geostatic pressure. The parabolic distribution shown in 
Fig. 4/6 should be assumed for the vertical pressure having a peak ordinate cor¬ 
responding to the estimated roof load. If the pressure ordinate of the parabola 
on the vertical erected at the side of the cavity is h 2 y = p 2 , then the lateral pressure 
intensity at roof level will be 

= P 2 tan 2 (45° - 0/2) - 2c tan (45° - 0/2), 

and at invert level 

?2 = iPi + my) tan 2 (45° - 0/2) - 2c tan (45° - 0/2) . (3.63) 

Owing to the favourable effect of lateral pressure on bending moments arising 
in the section, cohesion which tends to reduce the magnitude of this pressure must 
not be neglected in the interests of safety. 

The magnitude of lateral pressure is determined also by Engesser using earth 
pressure theory, simply by multiplying the roof load estimated for fissured rock 
(cf. Section 32.325) by Rankine’s coefficient. 

Adopting an approach similar to that of Engesser, Protodyakonov assumed a 
loading parabola of increased width over a roof plane extended by the rupture 
planes of passive earth pressure and adhered to Rankine’s ratio. Accordingly, the 
full lateral thrust acting on the side wall of height m of the cavity is 

E = my tan 2 (45° - 0/2) j— [b + m tan (45° - 0/2)1 + — 

13 tan0 1 2 



LATERAL PRESSURES 


221 


As will be perceived, the lateral pressure coefficients involved in the above 

formulae are either A = —-— , or A = tan - (45 — 4>/ 2). The value of A has been 
i - p 

observed to depend not only on Poisson’s number but also on the geological 
formation. Thus, e.g. it has been definitely established that lateral pressures in 
a tunnel under the bottom of a valley differ from those in tunnels under mountain 
ridges, inasmuch as the value of A is appreciably higher under a valley bottom 
than under a mountain ridge. Especially high values are likely to occur where 
the valley sides are steep. Laboratory experiments and tests are not very suitable 
for obtaining information on A, since Habib, for example, reported E values deter¬ 
mined in the laboratory by the conventional compression test which were five 
times as high as those obtained by the in situ compression test. In view of all 
these uncertainties, Terzaghi recommended, for instance, the adoption for a partic¬ 
ular rock formation of a range of A values rather than a single figure. The sec¬ 
tions must then be dimensioned for the critical loads determined by the limit 
values of the range. 


3.32. EXACT DETERMINATION OF LATERAL PRESSURES 

For a more exact determination of lateral pressure, latent stresses and the passive 
resistance mobilized by deformation and lateral outward displacement of the 
section are taken into account, as well as the pressure which acts as an active 
force. This problem is of great significance for improving the economy of tunnel 
design, and has recently been investigated theoretically, mainly by Soviet authors 
(Zurabov-Bougayeva, Davidov; see Sections 43.34. to 43.37). The width of the 
tunnel section tends, in general, to increase under the vertical loads, and this 
movement is resisted by the lateral rock masses. In the majority of cases the active 
pressure at the extrados is insufficient and the lateral masses are brought from 
an active into a passive stress condition. The actual magnitude of this resistance 
cannot be determined unless the displacements are known. The theories developed 
in connection with this problem will, therefore, be treated in more detail in the 
chapter on design calculations (cf. Sections 4.33 and 44.13''. 


3.33. EXPERIMENTAL DETERMINATION AND IN SITU MEASUREMENT 
OF LATERAL PRESSURES 

During the recent construction of a large diameter shield-driven tunnel in Bern 
(Switzerland), laboratory and in situ measurements have proved that if local condi- 
lions do not admit sufficient displacement and loosening (e.g. in case of shield 
-nnelling) which should be required for the mobilization of the soil’s shear 
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Fig. 3/43. Lateral pressure determination after Houska 


strength, horizontal pressures must be derived rather from the overburden weight 
(geostatic pressure), than from the rock pressure acting at crown level. Thus it 
may be written after Bonnard for p A 


Ph = H ■ y • k a - 2c 

with H denoting the total overburden depth. In commenting Bonnard's experi¬ 
ments, Houska suggested that owing to the restricted displacement possibilities 
a local failure ’ may be assumed in the surrounding soil-mass and the shear- 
strength components should be considered - in conformity with Terzaghi’s 
bearing capacity theory - only with 2/3 of their value i.e. the soil-physical values 
of <j> - 2/3 <f> and c' - 2/3 c should be used. 


In this way the vertical rock pressure may be calculated after Terzaghi accor¬ 
ding to eq. (3.52) with the reduced </>' and c' values and a difference of 


a' = (H • y — p' v ) 


b/2 

IT 


may be assumed as acting at crown level on the top of the sliding lateral earth- 
wedges (see Fig. 3.43). 

Thus the horizontal pressure at any depth z below crown level may be gained as 

T 

a x — Ph — h{H + z) + a'] k a - 2c'jT' a 

with d = m/2 ■ -j’k' a + H ■ yjk' a strip width of the superimposed vertical pres¬ 
sure o upon the lateral sliding wedges. When calculating pressures — both 
vertical and horizontal — after this method, they were in much better agreement 
with the measured values exceeding slightly Terzaghi’s vertical pressures (Eq. 
3.52), but very considerably the lateral pressures, as calculated after Eq. 
3.63. 
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3.4. BOTTOM PRESSURES 

Bottom pressures should be essentially the counterparts of roof loads, i.e. 
reactions acting on the tunnel section from below if the tunnel section is a closed 
one having an invert arch. A certain part of this load is, however, carried by the 
surrounding rock masses, so that this situation does not occur even in the case 
of dosed sections, and bottom pressures have usually been found to be smaller 
than roof loads. Terzaghi quoted empirical evidence indicating that bottom pres¬ 
sures are approximately one-half and lateral thrusts one-third of the roof load 
intensity. This is due not only to the fact that pressures acting on the roof become 
more uniformly distributed with increasing depth in the interior of the rock and 
their intensity is thus proportionately reduced, but also to the fact that the weight 
of overlying mountain masses tends to increase roof loads but has an opposite 
effect on bottom pressures. In the case of sections open at the bottom, i.e. having 
no invert arch, pressures of different intensity develop under the side walls and 
under the unsupported bottom surface. The pressures arising under the solid 
side walls must be compared with the load-bearing capacity, or ultimate strength 
of the soil, but do not otherwise affect the design of the tunnel. The magnitude 
of rock pressure acting upward towards the interior of the open tunnel section is, 
however, unquestionably affected by these pressures (cf. the theory of Tsimbarye- 
vitch). The development, distribution and magnitude of bottom pressures are 
greatly influenced by the method of construction adopted, i.e. by the sequence in 
which various structures and components of the tunnel are completed (cf. Figs 
3/8 and 3/62). 

Genuine mountain pressure and swelling pressures act in a manner similar 
to lateral pressures on the bottom of the tunnel as well. In practice the problem 
of bottom pressures is usually encountered in loose soils and especially in plastic, 
•iturated clays. The rock at the bottom of the open tunnel section is exposed 
to no pressure from above, while at a slight distance therefrom the load trans¬ 
ferred in the plane of the bottom is the same as that acting on the side walls. 
\s long as the side walls consist of solid rock this load is transferred with its full 
magnitude to the rock at the bottom which acts as a lower support. In cases, 
however, where the sides of the cavity are not strong enough to prevent the devel¬ 
opment of lateral pressures along them, only a part of the original pressure will 
be transmitted to the rock at the level of the bottom, the remainder being dissi¬ 
pated by the deformation work of lateral pressure. 

The pressure transmitted to the rock at the bottom is naturally propagated 
-'ther and since the rock displays a certain strength (friction and perhaps cohe- 
si n as well) the area over which the pressure is distributed becomes bigger with 
increasing depth. The extent of propagation can be described here again by a 
.. arve. Consequently, the rock under the bottom of an open tunnel section is 
pressure-free to a certain depth, i.e. it will be subjected to the load due to the 
weight of overlying rock only. A pressure-free core having the shape of an inverted 
ipch will thus develop under the bottom as well, similar to the relieved core 
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above the roof (cf. Figs 3/7 and 3/8). The compressive stress at the top of the 
pressure-free core, i.e. at the bottom of the tunnel is zero and increases but slightly 
as a consequence of dead weight. At the sides of the core, on the other hand, 
high compressive stresses prevail owing to the transferred load. If this pressure 
is higher than the strength of the underlying loaded rock, the latter will necessarily 
yield and by losing its strength will expand towards the free surface, i.e. towards 
the bottom of the cavity, making it heave. This phenomenon should not be mistaken 
for the bottom heave occurring when water (in the form of either groundwater 
or atmospheric moisture) finds access during Construction to highly plastic clays 
and these expand as a result of physical transformation. Nevertheless, bottom 
pressures may still be affected by such water, inasmuch as water reduces the 
strength of clay soils, rendering them plastic, so that the critical condition occurs 
under a smaller stress and the clay heaves into the tunnel at a smaller load. The 
intimate relationship between bottom and lateral pressures is clearly demonstrated 
by the observations carried out during the construction of the new Semmering 
tunnel (Fig. 3/44). As may be seen, the bottom did not start to heave appreciably 



Fig. 3/44. Measured bottom 
swelling values as a 
function of the 
progress of 
excavation 


before the excavation of the crown section was commenced, i.e. until the loads 
were transferred increasingly to the sides. This trend increased when the excavation 
for the side walls was started, i.e. when the load of an even larger cavity roof 
span had to be transferred by the remaining sides to the bottom plane. 

Bottom heave may thus occur not only in clay, but, e.g. in sandy soils as well. 
The greatest part of the material causing the heave encroaches directly from the 
edge of the side walls. This is the point where largest settlements occur, showing 
a decrease towards the interior of the sound rock. An inward inclined veritable 
arch abutment is thus formed under the side walls in the bottom plane, under 
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which the soil will continue its consolidation owing to pressure. Consolidation 
will also increase with the degree of inclination. Therefore bottom heave will 
stop automatically once a certain inclination is attained, since the load on the 
supporting sublayer is relieved by the inclination itself. 

3.41. DETERMINATION OF BOTTOM PRESSURE ACCORDING 
TO TSIMBARYEVITCH 

The problem of bottom pressures was investigated theoretically by Tsimba- 
ryevitch. As in the stability analysis of the bottom plane of a braced construction 
pit, he assumed that a soil wedge is displaced towards the cavity under the action 
of active earth pressure originating from the vertical pressure on the lateral parts. 
This displacement is resisted by the passive earth pressure on the soil mass lying 
under the bottom of the cavity (Fig. 3/45a). 


Fig. 3/45a. Computation method 
of bottom pressures 
(after Tsimbaryevitch) 

The active earth-pressure diagram at the perpendicular of the corner point 
of the excavated cavity is a trapeze. The earth pressure at depth x will be 

e a = (P + xy) tan 2 (45° - 0/2) - 2c tan (45° - 0/2). 

At the same time the specific passive earth pressure at depth x is 

e p = xy tan 2 (45° + 0/2) + 2c tan (45° + 0/2). 

Depth x: where e a — e p can be computed by equating the above two expressions. 
The layers above this depth will be involved in bottom pressure: 

p tan 2 (45° - 0/2) - 2c [tan (45° + 0/2) + tan (45° - 0/2)] 
y[tan 2 (45° + 0/2) - tan 2 (45° - 0/2)] 

_ pK-2c{JT p + JX) 

y('- P - 4 ) 



15 Szcchy: The Art of Tunnelling 
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The magnitude of the horizontal force acting towards the cavity above depth x 
is given as the difference between the areas of the diagrams for e a and e p . This 
force induces a set of sliding surfaces inclined at (45° — 0/2) to develop in the 
soil mass under the cavity. 

The force of magnitude E = E a — E p may be resolved into components T 
and S, parallel to the sliding surfaces and perpendicular to them, respectively: 


T=E cos (45° - 0/2) 
5 = £ sin (45° - 0/2). 


Force T tends to displace the soil and is resisted by the frictional component 
of the normal force 


T' — S tan 0 . 


After trigonometric transformations and remembering that the soil is displaced 
by forces acting from both corners, the magnitude of forces acting on the bottom 
plane is obtained as: 


£ 0 = 2 £ 


sin 2 (45° - 0/2) 

COS 0 


(3.64) 


The resultant T 0 acts at the centre line and is vertical. This upward pressure 

can be counteracted either by loading 

. . _ .—p. _ -^ — the bottom with the counterweight of 

intensity q 0 , or by a suitably dimen¬ 
sioned invert arch. 

The counter load q 0 must be applied 
over a length y, which can be obtained 
from the expression 



x 

tan (45° - 0/2) ' 


The pressure acting on the bottom of 
the cavity in the practical case illustrat¬ 
ed in Fig. 3/45b and assuming a gran¬ 
ular soil, it can be determined in the 
following way: 

If the bottom reaction under the side 


walls is p = —, the height of the soil 
s 

column at the side of the cavity can be 


Fig. 3/45b. Bottom pressure computation 
in an actual case (Davidov) 


obtained from the 


relation H = — 

y 
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x=H 


tan 2 (45° - 0/2) 

tan 2 (45° + 0/2) - tan 2 (45° - 0/2) ’ 


E = E a -E p = ~ yx(x + 2//) tan 2 (45° -0/2) - y yx 2 tan 2 (45° + 0/2) , 


T= £ 


sin (45° — 0/2) 


The pressure acting from below on the cavity is 

£ 0 = 2£sin (45° - 0/2). 

Closure of the section with a bottom slab and the application of an internal 
ballast are the only possible counter-measures to this pressure. In the interest 
of safety a coefficient n = 1-3 to 1-5 has been specified. 

Withy — s denoting the actual loading width, P s and P b the weight of 

the bottom slab and internal ballast, respectively, the coefficient of safety can be 
determined by comparing the resulting downward stress and the upward pressure 
N/y. In other words, it is required that 


/% + Ph 

T 0 


> 1-3 - 1'5 


3.42. DETERMINATION OF BOTTOM PRESSURE ACCORDING TO TERZAGH 

The relationships developed by Terzaghi for the bottom pressure in open construction 
pits can be applied to bottom pressures in underground cavities as well, by considering the 
equilibrium conditions at the bottom of a cavity excavated in the interior of an earth mass 
instead of the open construction pit. Here again two extreme conditions can be distinguished, 
one of them being the case of the ideally cohesive soil, where c f=- 0 and 0=0, the other 
that of the cohesionless granular soil, where c = 0 and 0 # 0. This analysis yields information 
on the stability of the bottom, rather than on the magnitude of bottom pressure. 

Consider first the case where the soil surrounding an underground cavity covered by a 
• ault has a specific density y, cohesion c and an angle of internal friction 0 (Fig. 3/46). The 
soil masses above the planes ae and bd adjacent to the cavity and similarly of width b may, 
m this case, be regarded as external loads and the problem now is to determine the critical 
equilibrium condition of the soil under these planes. The only possible displacement of the 
loaded soil wedge is again towards the cavity and the sliding mass consists, according to the 
•.heories of failure relating to the case when 0 = 0, of the active earth pressure wedge bounded 
by straight lines inclined,at 45° under the loaded section, the adjoining radial shear zone 

is* 
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Fig. 3/46. Bottom pressure computation 
analogue to open excavation 
pits (Terzaghi) 


formed by section of a circle with a central angle tr/2 and radius —— and finally by the passive 

v ^ 

earth pressure wedge bounded similarly by straight lines inclined at 45 0 . 3 - 23 The end points 
of the sliding planes are, accordingly, the points denoted by e and d. Verticals are erected 
at these points from the extension of the sliding planes to the ground surface. Consider now 
the magnitude of forces acting on the plane ae, which must not exceed the ultimate strength 
of the soil which can be mobilized in this plane. 


Qo — [* + -jpj HiV~ 

= ~y [ iH ' ~ m ~ y/j - H i 


mb 1 

-j-v-y b fy- H i c = 


(3.65) 


On the other hand, the load-bearing capacity of the Soil strip of width ae = b is 

Q = Pm ax b = (2+ .1) Cb. 

The margin of safety can thus be expressed by the following quotient: 

Q (2 + 7i) cb2 




Qo 


by 


(ur.-.-i./ 

l 3 J ) try 


2c (2 + .- t ) 




fn order to obtain adequate safety against sliding into the interior of the tunnei, n should 
have a value of at least 1-3—15. 


J 25 cf. Szechy, K.: Grundbau I. Springer, Vienna 1963, Fig. 126c on p. 206 
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A similar approach is then adopted to investigate the case where c = 0 and <t> # 0. The 
width of the strip ae bounded on one side by the wall and on the other by the intersection 
of the bottom plane and the slip surface, and which depends now on the magnitude of the 
angle of internal friction <p, will be denoted by A. The shearing resistance mobilized along the 
shear plane, which is again assumed to be vertical, is obtained as the product of the normal 
force (active earth pressure) and the specific friction (tan <!>). The active forces are, thus, 


Q ° = [ A + t) Hl y ~ T m y ~ - J yH ' tan2 (45 ° ~ tan ^ ’ 

or, in another form, 


where 


Qo — yH i A Q lt 

Qi = y yH'i tan 4> tan 2 (45° - <£/2) — -y- |^i — m - y /j . 


The ultimate load representing the bearing capacity of the soil can be expressed for c = 0 
in the following form (cf. the failure theory of Dubrov 3 - 26 ): 

Q = A 2 yn 0 


where n 0 is a resistance coefficient characterizing the resistance of the soil to sliding, the value 
of which may be taken from the following table in terms of <j>: 


o 

O 

o 

O 

II 

-e- 

20° 

25° 

o 

O 

m 

35° 

40° 

44° 

48° 

n 0 = 0 1 

5 

10 

20 

40 

140 

260 

780 


Safety from sliding is again expressed oy the ratio n = Q!Q». The minimum width A can be 
determined from the extreme condition dn/dA. In other words, the expression 

d yn 0 A 2 
Ya yH l A - Q 

must be zero. Hence 

(yHiA - 2yn u A - yn 0 A-yH\ _ 

(yHi A - QJ- 

which is impossible unless the numerator is zero, i.e. 

(yHi A -Q^ 2yn 0 A - y-n a H v A 2 = 0. 

From this equation of the second degree A = 2 - and substituting the value of Qi 

yH i 

determined above, the minimum vaule of A is obtained. It is necessary that 

b l 2 \ 

A = Hi tan <j> tan 2 (45° — <t>/2) - j Hi — m -— /j > 0. 

1:6 Dubrov, A.: Gidrotechnitcheskoye Stroyitelstvo 1951 52 and cf. Szechy: Grundbau. 
Springer, Vienna 1963 I 177 
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which can be further increased to attain the specified degree of safety. The value of n should 
again be higher than 1*3 to 1*5. For A = 0 the safety against sliding is insufficient at the bottom 
of the cavity, so that special support, or ballast must be provided. 


3.5. DEVELOPMENT AND SUPERPOSITION OF ROCK PRESSURES 


3.51. DEVELOPMENT OF ROCK PRESSURE DURING EXCAVATION 


It was mentioned during the general description of rock-pressure phenomena 
that the magnitude of rock pressures is greatly affected by the time before the 
internal support is installed and by the strength of the support. 

Driving and construction of any tunnel consist of repeated cycles of several 
operations such as excavation, installation of temporary supports (propping) 
and construction of the permanent lining. Driving is always accomplished ,at the 
excavation front which, in rocks, is usually advanced by blasting. Support con¬ 
ditions of the rock surrounding the cavity are more favourable here than over 
normal sections, since the rock here is supported on three sides, but only on two 
sides in the latter case. The rock over the face forms a half dome which is capable 
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of carrying a larger load than the arch or vault developing over normal sections. 
After blasting, the half dome may remain stable for a certain period even without 
supports, but gradually increasing quantities of material will drop into the unsup¬ 
ported cavity thereby leading to the formation of new arches extending higher 
and to increasing distances (Fig. 3/47). Theoretically, the process may go on until 
the entire cavity is filled with loose rubble. 

This process of gradual breakdown depends not only on the quality, bedding, 
jointing and fissuration of rock, as well as the width of the excavation, but also 
on the distance between the last support and the rock face (/j). The process is 
extended in time because of the viscous, tough behaviour of the cementing material 
filling the joints and fissures of the rock. For a certain period prior to breakdown 
the loosened rock itself is capable of overbridging .the unsupported cavity. This is 
referred to as the bridge-action period ( t b ). The sequence and method of excavation 
should be selected to enable the installation of the necessary new support before 
the bridge action period has expired. The position of the bridge action period in 
relation to the sequence of operations during the construction of a tunnel exca¬ 
vated by blasting in solid rock is shown in Fig. 3/48. Considerable overbreak is 
likely to occur if t b is shorter than the ventilation period, t S2 , or slightly longer, 
so that it expires early during the mucking cycle. On the other hand, very little or 
no overbreak will occur where the bridge action period is sufficiently long to permit 
the erection of the new supports ( t s ). In some instances it may therefore be advisable 
to reduce the length l x (,see Fig. 3.47) consistent with the character of the excavated 
material and the width of the cavity. It should be noted that in wide cavities 
the bridge action period is appreciably shorter than in short spans, i.e. narrow 


4 
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Fig. 3/48. Diagram representing operating cycle for one round 
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sections. The rock load to be carried by the supports shows, however, an increasing 
tendency even if the supports are installed in good time and are sufficiently strong 
if wedging is carried out carefully and the overbreak is backpacked before the 
bridge action period expires. This increase can be traced back to two causes 
namely, to the transition from half-dome action into pure arch action as the face 
is driven forward, and to the fact that rock movement is not entirely prevented 
by backpacking and wedging until the loosened rock above the roof adjusts itself 
to the changed equilibrium conditions. The joints in the rock immediately above 
the support become closed by the support, while those higher upward will widen 
owing to a loosening of the rock. Consequently the load on the roof increases 
as long as movement occurs. The extent of overbreak and the magnitude of the 
space backpacked either poorly or not at all, play, therefore, equally important 
roles in the development and magnitude of rock load. The final magnitude of roof 
load and the period of movement, or load-increase depend greatly on the thor¬ 
oughness of backpacking and wedging. Where these operations are carried out 
carefully, equilibrium conditions and the final load H p may even develop after 
the first week (curve c x in Fig. 3/47). On the other hand, insufficient care, inad¬ 
equate backpacking and loose wedging will extend the load increase period to 
several weeks as illustrated by curve c 2 , and the final load H max will also be higher 
in spite of the fact that the initial load may have been smaller. The consistent 
displacement of the rock towards the supports will result in a progressive failure 
ot the rock material in the load-carrying arch. 

The increase of roof loads is illustrated after Bendel in Fig. 3/49 for a tunnel constructed 

(cf. Section 63.21). In the figure the excavation of the from 
d / t d by 1 ’ the exc avation of the roof and the construction of the roof arch by “2” 
and the construction of the side walls by “3”. According to Bendel the magnitude of the minor 
axis of the load ellipse is governed not only by the strength of the rock but also by the speed 
of construction, iherefore, tne angle characteristic of its magnitude is defined in solid rock 
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on the basis of Rankine’s theory as a x = 45° + <f>/2, in highly squeezing rock or in the case 
of slow construction progress, this may be obtained on the basis of the limit condition of flow 
as = 45° — 4>/2. 

In low-strength, cohesionless soils the length of the bridge-action period natur¬ 
ally approaches zero incurring an appreciable reduction of the excavation span 
(increase in the number of drifts), the unsupported length from the face must be 
minimized (employment of forepoling) and tunnelling methods based on these 
principles (cf. mining methods, shield driving) must be resorted to. It is interesting 
to note that the bridge-action period is considerably longer in weathered rocks 
than in crushed ones, but the load increase in the former may be many times that 
of the latter, and may take a very long time to develop. Pressure conditions in 
rocks of different quality plotted by Terzaghi in terms of the bridge-action period 
are shown in Fig. 3/50, where time is plotted in units required to complete one 


Successive overbreak lines if excavation is discontinued and no 



period 


Fig. 3/50. Relation between time, overbreak and rock load (after Terzaghi) 

phase of operation. The extent of the breakdown of roof is indicated by a dashed 
line, and the magnitude of roof loads involved by full ones. In sound and mode¬ 
rately fissured, seamy rocks the length of the bridge-action period is seen to be 
practically unlimited, and supports are installed for the sole purpose of protection 
against spalling. The bridge-action period in crushed and shale rocks may extend 
from a few hours to several days. For plotting Fig. 3/50b the length of the bridge 
action period was assumed to be 80% of the time required for completing one 
phase of operation. 
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3.52. SUPERPOSITION AND INTERACTION OF ROOF LOADS 
ABOVE ADJACENT TUNNELS 


The distance at which a new tunnel may be driven parallel to an existing one, 
or at which various elements of a system consisting of parallel galleries and halls 
may be arranged is of interest to the tunnel builder in many practical cases. 
Owing to the nature of rock pressure not only may the construction of a new 
tunnel too close to an existing one transfer, a load considerably in excess of the 
original to the latter, but the load on the new tunnel may also be appreciably 
higher than that estimated for a single tunnel. In this connection two problems 
arise. The first is to determine the minimum thickness of wall-masses or pillars 
between parallel tunnels or adjacent cavities that is necessary to prevent them 
from being crushed by the load superimposed from both sides; the other, to 
determine at what distance parallel tunnels should be located to prevent the devel¬ 
oping neighbouring loading parabolas, stress relieved cores, or protective zones, 
from fusing together. Bridge action in this case would be the same as over a single 
continuous cavity. 

Load-interference, naturally, is affected by all the factors affecting the magni¬ 
tude of rock load over a single tunnel, such as rock strength, depth of overburden, 
width of tunnel and the method of construction. According to the elasticity theory 
concerning stress distribution around circular cavities, tangential stresses in undis¬ 
turbed-rock extend to distances equal to three or five times the diameter (cf. 
Section 32.23). Thus if it is intended to avoid any stress accumulation by the exca¬ 
vation of a second tunnel, the latter must be located at least two diameters distant 
from the first (Fig. 3/51). 



L1< tJ 





a) 


Fig. 3/51. Tangential pressures 
acting on the side of 
b) two adjacent cavities: 

(a) when undisturbed 

(b) when disturbed by the 
superimposed pressures 


In cases, however, where adjacent cavities serve the same purpose, or plant, 
a rigorous adherence to this principle would cause considerable difficulties and 
would involve extremely long connecting galleries besides rendering fast indoor 
traffic of a plant as one unit impossible. Stresses transferred to sound rock decrease 
according to a hyperbolic function so that the increment load caused by them 
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beyond a certain distance - smaller than that mentioned - becomes insignificant. 
According to various elasticity theories (cf. Kirsch’s formula in Section 32.22) the 
peak circumferential stress around a circular cavity occurs at the side of the cavity, 
at the springings, and its variation with the distance from the cavity is illustrated 
in Fig. 3/52. 



Fig. 3/52. Decrease of tangential stresses around a circular cavity 


Relying on his rock pressure theory (see Section 32.313) Eszto computed the reduction 
of transferred load over the distance x from the cavity for different tunnel widths and depths. 
Using the notations adopted in Fig. 3/33, pressure increase is calculated by the same differen¬ 
tial equations, with the modification, that the distance * from the cavity is adopted as the 
independent variable, while the dependent variable is, again, the thickness h of the layer, 
which is proportional to the transferred load. Thus 

* yb d h 
Px = I b + 2x ’ 


where 


x = h tan 8 


h H tan & 

2 (H - h) ’ 


and 


h 


2 xH 

H tan & + 2x ‘ 


On integration this becomes 


Px = V 


b tan ft 


b 

H tan ft 


; In 


H tan {1+2; 


b + 2x 


H tan ft — b 
H tan ft + 2x 


(3.66) 


Assuming an angle of failure (rupture) ft = 63'5°, transferred loads, in t/m 2 , are obtained 
for different depths and tunnel widths as given in the following table: 
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x (m) 
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2 
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60 

5-2 

39 

29 
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4 

12-2 
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95 
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8 
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70 

3-3 

11 
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2 
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5-2 

4-0 
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8 


4 
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13-1 

12-0 
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8 

24'4 

22-6 | 
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14-1 
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6-2 

16 
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2 

100 

8-7 

7-8 

6-5 

53 

4-1 

2-6 

12 


4 

17-4 

15-8 

14-6 

12-4 

10-3 

8-1 

5-2 

17 


8 

1 

29-5 

27-7 

26-3 

23-1 

19-7 ' 

15-7 

10-4 

23 


The distance x, at which the transferred load decreases to half the roof load above the 
cavity is indicated in the last column. 

As clearly illustrated by both the graph and the table, the load transferred to the surround¬ 
ing rock is, according to Eszto, of considerable magnitude and its effect can be felt even at 
fairly large distances. Consequently drifts and tunnels driven close to each other (e.g. sub¬ 
ways) are subject to considerable superimposed loads. The increase is especially large if a w ider 
cavity is excavated beside oneof smaller width at a great depth. The example of a single-track and 
double-track drift, located at 200 m depth and spaced at 20 m distance is quoted by Eszto. 
In this case, if the original load on the 4 m wide double-track drift is 14 8 t/m 2 . the transferred 
load will be 3 9 t/m 2 , corresponding to an increase of 26%. In the 2 m wide single-track 
drift the original load is 8-7 t/m 2 , whereas the transferred load is 5 - 7 t/m 2 . The increase is 
65 %, and this considerable superimposed load could not be neglected in designing the internal 
supports. Eszto’s high values have, however, not been encountered in tunnelling practice and 
the load increases actually observed have been appreciably lower. On the other hand, the 
effect of depth must not be neglected when estimating load increase. 

According to Eszt6’s theory, transferred loads increase with depth at a higher rate than 
do original rock pressures. Whereas roof loads were shown in Section 32.313 to increase as 
the fourth root of depth, transferred loads appear to be proportional to its square root. 

Considering the distance at which transferred loads decrease to half their original value, 
this will be seen to occur within two or three times the tunnel width, and the wider the tunnel 
the sooner this will take place, but the greater the depth the. later it will do so. 


Experiments of considerable interest have been performed by Leon and Will- 
heim, who demonstrated in a very convincing manner the effect of tunnel spacing 
on the development and superposition of stresses (Figs 3/53 and 3/54). Variations 
of pressure around a double section are illustrated, revealing the consequences 
of the neglect of a certain minimum distance between the units. 

In the first case (Fig. 3/53), where the distance between the tunnels is 0 4 b the development 
of stresses takes the following course: 

Tensile stresses of relatively high magnitude develop even under low pressures at the roof 
and at the bottom of the tunnel, as well as in the axis of symmetry of the double section. 
These stresses result in cracking in the roof and bottom, as a consequence of which they are 
relieved, while stresses in the axis of symmetry increase at about the same rate (a). 
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At the same time compressive stresses develop in the external walls as well as in the internal 
ones facing each other. In the central buttress wall these stresses are superimposed upon 
each other and, sooner ot later, exceed its compressive strength ( b ). Consequent crushing of 
this buttress will lead to a reduction of compressive stresses there, but will be accompanied 



Tension 


Compression 


Tension 


Compression 


Fig. 3/53. Development 

of stress conditions around closely spaced cavities 


by a largely proportional increase of those in the exterior side walls. As a consequence of 
the redistribution of pressures, the tensile stresses in the central axis will increase and result 
in cracking of the roof and bottom. The tension zone will shift up or down, resulting in a 
further increase of pressure on the side walls. No load will be carried at all by the crushed 
central buttress and the stress pattern around the double tunnel is identical to that which 
would have developed around a single tunnel of a width 2b + 0-46 = 2 46. 

In the second case (Fig. 3/54) the wall between the two tunnels has a thickness of 3-36, 
and the redistribution of stresses takes a course essentially different from that in the former 
case. The first phase consists, here again, of the rupture of the roof and bottom in both 



Fig. 3 54. Development of stress conditions around cavities spaced at greater distances 
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tunnels, brought about by tensile stresses. As a result the tension zone above the tunnels will 
be moved upward towards the sound rock and shows a considerable increase in the axis 
of symmetry as well. Its centre of gravity is shifted further upward or downward. 

Hereafter the development of shear cracks (sliding planes) can be observed in the side 
walls, the increased tensile stresses in the axis of symmetry cause the rock to crack, bringing 
about the splitting and upward or downward shifting of the tension zone. The tension zones 
above and below the tunnels are, however, relieved by this process and further opening of 
initially developed cracks is stopped. 

Popping eventually takes place on the side walls and compressive stresses move towards 
the interior of the rock, yet the intermediate buttress wall is not crushed and excluded from 
load bearing, although from the figure, the exterior walls would still appear to carry a greater 
share of the load. 


In the above experiments Leon and Willheim took vertical loads only into 
consideration. Actually these are always accompanied by a higher or lower lateral 
pressure which is naturally not without effect on the magnitude and distribution 
of stresses. The behaviour of the rock mass remains, however, essentially the 
same. 

Relying on site observations a tunnel width to buttress wall-thickness ratio 
of 1 : 3 is suggested by Stini. In sound and favourably stratified rock this ratio 
may be reduced to 1 : 2. 

The effect of stresses transmitted from adjacent cavities can be estimated on 
the basis of the theory of elasticity as well. For this purpose the values a, should 
be plotted in the springing line (0 = 0) at the points r = a; r = 2a; r = 2-5 a and 
r = 3a, as obtained from the relationship 


p m r 2 + a 2 

^ = T ~rr^\~r 2r ~ 


pm - 2 
~2m - 1 



cos 29 


(cf. Fig. 3/52). As may be seen, the stress increment at distances 2 a and Aa from 
the side of the cavity is 22 % and 4 %, respectively, so that a distance corresponding 
to two tunnel diameters should, in agreement with Stini’s suggestion, afford 
adequate safety in practice. Interference intensity increases slightly with rock 
strength and with the value of m. 

Therefore, stress interference should always be taken into consideration when 
excavating tunnels side by side, or when driving a new tunnel in the vicinity of 
an existing one. There are several instances on record where the lining of old 
tunnels has been badly damaged by the increased load it was called upon to carry 
when a new tunnel was driven in its vicinity (London, Piccadilly Station). 


3.53. LOADS ON ROCK-PILLARS 

Rock zones left between underground cavities are referred to as pillars. Their 
correct dimensioning is of paramount importance for the stability of adjacent 
tunnels. 
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35.31. Protodyakonov's Theory 

According to this theory, the additional load to which the pillar is subject 
consists of the weight of the rock mass extending to the surface above the pressure 
arch (shaded area in Fig. 3/55), since the load due to the masses under this arch 
are carried by the tunnel lining. The additional load is assumed to be linearly 



Fig. 3/55. Compression stresses produced in underground rock pillars (Protodyakonov) 

distributed in the pillar cross-section, showing peak values at the pillar side and 
decreasing to zero over the distance s. The condition of equilibrium may be 
expressed as: 

Hb ,, b 2 b n 1 1 . 

~ 2 ~y- A T 7 + TT (/, i -h)y - — ns = 0, 

Neglecting the term in brackets in the interest of safety we have 



For the ratio of peak stress p to distance s Protodyakonov’s experiments yiel¬ 
ded the value 

—= 0•0745/. 
s 
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After substitution we have 


v/hence 



0 • 0745/i 2 
2 


= 0 . 


5 = 5-2 


ybH i 


Consequently the buttress must be at least 2s wide, but a safety factor of 2 may 
be introduced and the minimum distance between adjacent tunnels is thus obtained 
at about 


= 20 


ybH l 

~w. 


where/is Protodyakonov’s strength factor (cf. Section 33.324). All values in the 
formula should be substituted by kg and cm units. Using metres and tons the 
formula becomes 


d (m) = 0-65 


(ybH i 

~2f. ' 


35.32 Tsimbaryevitch's Theory 

Another distribution of compressive stresses in the pillar wall was assumed by 
Tsimbaryevitch, as shown in Fig. 3/56. The slopes of the broken line are defined 
by the sections q and p for which the following relationships are given: 

q <, 0-5 (K — 1) and p <, 0-6 b 

where K is the stress concentration factor measured at half the height of the tunnel 
side wall, for which we obtain the following tabulated values calculated according 
to the theory of elasticity: 


Fig. 3/56. Distribution 

of compression stresses 
acting upon rock piilars 
(T SIMBARYEV1TCH) 
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Tunnel shape 


Rectangular 


Ratio m/b 


2:3 3:2 3:1 
3-75 2-2 1-0 


1:1 1:3 1:5 1 :18 
1-3 2-0 2-23 5 0 


Distance a over which additional stresses are spread, according to the above 
elasticity theory, is equal to 3b. A corresponding value for 5=2-56 may be assumed. 

A further condition to be satisfied is to keep the stress in the buttress below the 
permissible maximum level. 

For the case d > s the 
maximum stress becomes 

<r = (K — 1) yH . 

\H . 

For d < 5, however, the com- , h . _ d_ _ q, , 

ponents of the superimposed - 

stresses may be obtained from ' <« \ / t j 

the relationships (Fig. 3/57): J-°—/ L|-I 




= + J» _ -£- A _ 

-- & -H 

o'j=<Tj+q b <r b 1-— > T~ K /rj 

1 a t 

which values must remain 6 TT C~^ TrT n TTT Tl $ 

below the permissible stress 

for the rock in unconfined —lMJMllL:iilllillllM—1 

compression < 7 C . Of course, Fig . 3 / 57 . Pressure distributions between rock-pillars 
superimposed stresses may 
also be obtained by an ap¬ 
propriate summation of circumferential stresses calculated according to the 
theory of elasticity. 


3.6. CRITICAL TREATMENT OF .ROCK PRESSURE THEORIES 
AND IN SITU ROCK PRESSURE MEASUREMENTS 

From the wide variety of rock pressure theories presented a series of sound and 
intuitive assumptions, rather than satisfying uniform results may be concluded. 
This is but natural because of the essential deviations in the presumptions and 
of the impossibility of the theoretical consideration of all the relevant factors. 
Besides, it must be added that the preliminary theoretical consideration of factors 
like the method of excavation, rigidity and time of propping, consolidation process 

16 Sz£chi: The Art of Tunnelling 
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of deformations, stratification and relative location of overlying layers, magnitude 
of inherent residual stresses, etc. seems to lie beyond the capacity of both elastic 
and plasticity theories. 

Bearing in mind their inherent defects, practical design may be based on the 
following rock pressure theories, with due regard to the circumstances and local 
conditions: 

1. Up to a depth of cover of H < 2-5 B full weight of the overburden (full 
geostatical pressure) must be taken into account. 

2. For cover depths exceeding this value in all kinds of grounds the use of 
Terzaghi’s theory or that of Protodyakonov is permissible; for approximate 
values, and chiefly in cohesive and solid ground, the author’s theory based 
on a statical analogy may be advised (cf. Eq. 3.12). 

Because of the incertitude and inexactitude of rock-pressure theories, the dimen¬ 
sioning of tunnel linings must be regarded as uncertain, particularly as recent 
research shows that tunnel lining can never be considered a free-standing supported 
structure but an embedded one exerting a composite action with the surrounding 
ground-material against external loadings. Thus, the surrounding ground represents 
not only external loading but simultaneously affords support and composite 
action against it. 

Difficulties and uncertainties inherent in theoretical rock pressure computations 
cannot be restricted, nor can new better-founded computation methods be devel¬ 
oped unless rock pressure estimates are checked against site observations. 

The newer trend of investigations has, therefore, renounced the method of 
developing further rock-pressure theories, but takes the strength and deformation 
characteristics (crushing and tensile strength, Young’s moduli, Poisson’s ratio, 
shearing strength and plastic properties, etc.) of the surrounding ground for a 
basis. Thus, the aim is to obtain information about prevailing stress conditions 
and pressures from deformations and strains actually measured in exploration 
drifts and borings, and on the actual loads to be considered for the dimensioning 
of tunnel lining. 

Laboratory or model tests can afford satisfactory information on stress condi¬ 
tions prevailing in the rock in exceptional cases only, since actual stresses in the 
rock are governed to a great extent by its natural bedding and geological history. 
None of these lends itself to laboratory modelling. 

Natural conditions may perhaps be most truly reproduced in the model if the 
prototype consists of a relatively dry granular soil, or rock debris, but even then 
no means are available for simulating moisture conditions, construction method 
and dimensions. 

An auxiliary, supplementary role may be attributed to model tests in the labo¬ 
ratory only, where the latest trend is to simulate actual stratification conditions 
by the application of “equivalent materials'” in the models produced. This is to 
reproduce the same deformation and strength properties (including thickness, 
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inclination, etc.) on a proportional scale to natural conditions. In this way quali¬ 
tative information may be obtained on the influence and interaction of various 
factors such as shape and method of excavation of the cavity, the relative thick¬ 
ness, succession and strength of overlying and underlying strata, etc. 

Model tests of this type are rather advanced in mining engineering with special 
regard to the most economical and safe exploitation methods. 

For the above reasons increasing attention is being devoted in rock pressure 
determination to the in situ measurement of rock pressures performed either: 

(a) in exploratory drifts driven ahead of the tunnel face, sometimes over expe¬ 
rimental sections, or 

(b) in the lining of the completed tunnel, or in the surrounding rock. These 
observations are of a long-term character. 

Both methods are of significance for the design and construction of tunnels, 
although information available before construction is undeniably more valuable. 

Measurements may be aimed at the determination of the so-called static stress, 
or undisturbed mountain pressure prevailing before the tunnel is excavated, or of 
the stress in the disturbed surrounding of the cavity. 

The methods by which these measurements can be performed have been sum¬ 
marized by Talobre as follows. 

3.61. MEASUREMENTS ON THE ROCK FACE 

This information relates to stress conditions prevailing at the rock surface 
vhich must not be mistaken for the natural stress condition existing in the interior 
of the rock mass prior to excava¬ 
tion. Little is known about the re¬ 
lationship between the two states 
of stresses and the former is not 
indicative of the latter. 

The basic principle underlying 
these so-called mechanical meth¬ 
ods as used at present is the 
relaxation of stresses”. Essen¬ 
tially, the compression prevailing 
in the rock is relieved by a cut and 
the ensuing deformation is ob¬ 
served with the help of a strain 
gauge. 

The oldest of the methods aim¬ 
ing at full stress relaxation is the 
one outlined in Fig. 3/58, where 
an extensometer is mounted be- 
r -een two fixed measuring points. 



Fig. 3/58. Arrangement of pressure measurement 
on a bare rock-face 
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or a resistance gauge is applied on the smooth and dry rock surface. Stress relieving 
cuts are then made beyond the limits of the measuring device by sawing, chiselling, 
or boring. Strain gauges arranged in a rosette yield results from which the prin¬ 
cipal stresses can be determined. 

Partial stress relaxation has been used more recently, which is similar to the 

method used with metals, and is suitable 
for measuring stresses in hard rock. 

Ex'tensometers or strain gauges are here 
arranged in a delta configuration (Fig. 
3/59). A stress relieving borehole is then 
drilled at the centre. The borehole must 
be small enough in comparison with the 
measuring length of the device for the 
stress reduction produced not to exceed 
one third of the original value. In this case 
the behaviour of the investigated zone re¬ 
mains completely elastic and the actual 
modulus of elasticity will closely approx¬ 
imate the value obtained from a sample. 
The accuracy of the method can be im¬ 
proved,by gradually deepening the borehole meanwhile continuously observing 
deformations. Deformations thus obtained are then plotted against depth, and 
inferences as regards local irregularities or disturbances can be drawn from the 



Fig. 3/59. Stress relieving borehole 



Fig. 3/60. Pressure measurement on the principle of pressure reestablishment 
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discontinuities of the plot. At a side length of 200 mm satisfactory results have 
been obtained with 56 mm diameter 'boreholes drilled with very line diamond- 
tipped bits. 

The third surface method relies for its operation on the principle of stress resto¬ 
ration. Tensioned wires are first mounted on the intact rock surface (Fig. 3/60), 
and their vibration frequency is measured. In the second step the rock is stress- 
relieved by a cut at one side which results in partial elastic stress relaxation. A flat 
Freyssinet jack is then placed in the slot and fixed with mortar. After the mortar 
has hardened the jack is operated until the original vibrating frequency of the 
wires is restored. The necessary jack force and, thus, the stress is then recorded. 
This method was found successful in softer rocks. A modified version was devel¬ 
oped by Berthier, who used an annular slot around a 250 mm central borehole. 
Stresses were restored by radial jacks placed into the slot and recorded with 
a special microscope. A drawback of this method is the full relaxation of stress 
which leads to questionable results in view of the doubtful reversibility of stresses 
in rock. 

In order to combine the advantages of partial stress relaxation obtained with 
a central borehole with those of the method using stress restoration, a cylindrical 
jack was recently introduced which fits into the central borehole of 56 mm dia¬ 
meter and is capable of exerting pressure in two diametrically opposite directions. 


3.62. MEASUREMENTS IN THE INTERIOR OF THE ROCK 

The aim of measurements in situ depth is to determine, within the attainable 
limits of boring, the original pressures prevailing in the interior of the rock. The 
necessary equipment and method of measurement is, however, expensive and the 
method itself is not without limitations. 

(a) For the method based on full stress relaxation, a cylindrical device, the so-called mov¬ 
ing star, has been developed by Berthier. Three extensometers taking measurements in three 
different directions are equipped with six elastic feelers. The instrument can be lowered into 
a 76 mm diameter borehole.- When in the required position, the feelers are fixed and readings 
are taken. The rock around the instrument is slotted with a 200-250 mm diameter crown 
drill. Readings taken with the feelers now in the same position correspond to the fully stress- 
-elieved condition. Feeler positions at the bottom may be recorded either photographically 
or by printing, depending on the type of equipment used. Besides the uncertainty with which 
initial and final positions are indicated, the impossibility of determining correctly the mag¬ 
nitude of the deformation modulus in the case of .full stress relaxation (see above) is a 
serious drawback to this method. 

(b) The second practical method is based on the principle of stress restoration. A 185 mm 
iiameter borehole is drilled first to the depth where stresses are to be detected. The instrument 
is lowered and fixed at the bottom of the borehole. The extensometers in this position are 
id: listed to zero. In the second phase of partial stress relaxation a 56 mm diameter borehole 
is drilled in the axis of the first. The third step consists of lowering a cylindrical jack into the 
.t-tral 56 mm diameter hole, operating the jack and taking readings before and after final 
pressure is applied. Essentially the instrument permits the application of surface methods 
in the interior of the rock, but requires a borehole of considerable diameter. 
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Instead of jacks, pressure cells or membrane gauges are also used (Section 36.6; Carlsson 
or Philips cells), in which the functions of pressure exertion and deformation measurement 
are combined. The application of these devices appears, however, to be limited to softer rocks 
only. 

(c) Attempts have been made to correlate the velocity of propagation of sound waves 
introduced into the rock with the magnitude of stress prevailing in it. Velocity was ob¬ 
served to increase with stress. It will be noted from the diagrams published after Habib and 
Dowance 3 ' 27 (Fig. 3/61) that a small percentage change in the velocity of sound waves 
corresponds to a change in the compressive stress of several hundreds of kg/cm 2 , so that 
the method is of limited accuracy and suitable for rough approximation only. 



Fig. 3/61. Stress determination on the basis of velocity of sound propagation 
(Habib and Dowance) 


3.63. MEASUREMENTS ON TUNNEL SUPPORTS 

Information directly utilizable for tunnel design is supplied by methods indi¬ 
cating the forces acting upon the proposed lining-and so leading to its reliable 
and economical dimensioning. These rely mainly on measuring the deformation 
of timber and steel structures used as temporary supports. A wide variety of 
methods has been developed - especially in mining - for installing different types 
of dynamometers on ordinary supports. 

Measurements are carried out either prior to construction in pilot headings 
driven ahead of the main face, or after construction on the completed structure 
for control purposes, or for statistical records. In the majority of cases only defor¬ 
mations have been measured hitherto; direct pressure observations became pos¬ 
sible only on the more recent introduction of new measuring devices (pressure 
cells). 

3 - 7 Habib, P. : Determination du module d elasticite des roches en place Ann I B T P 

1950 Sept. . 
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Tunnelling is usually started by driving a pilot heading in which measurements 
can be performed conveniently. Target marks are established at about 20 m 
intervals on the timbering, expediently by driving nails into it (Fig. 3/62). The 
horizontal and vertical position of these points is observed in the first phase of 


construction weekly, later fortnightly, or 
at monthly intervals. Measurement can 
be speeded up by a suitable measuring 
frame composed of simple elements. The 
frame is set up in the plane of measure¬ 
ment; it is wedged tight between the roof 
and floor beams and the central strut is 
positioned on the centre line. Its vertical 
position is then measured with an in¬ 
strument. The feeler arms are adjustable, 
with coarse and fine adjustment, over a 
rack and pinion mounted on the central 
pole. The feelers are then brought into 
contact with the target point, and the ver- 



Fig. 3/62. Simple deformation measuring 
installation in an advance 
heading 


tical and horizontal position of the arm 
is recorded. Once the position of the 

central pole is known, both the vertical and the horizontal positions of the points 
can be determined in an absolute manner. With the frame set up, readings can 


be taken by several observers simultaneously. 

For evaluating observation data the movements of individual points are plotted 
in a diagram (Fig. 3/63). The period after which equilibrium in the rock is restored 
- following individual stages of construction - is distinctly recognizable from the 
graphical representation. Increasing displacements during construction give timely 
warning of growing pressure, permitting counter measures to be taken. 
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Recorded deformations are compared with information obtained by geological 
exploration (which is completed as the heading is driven), samples are taken from 
the rock or soil layers penetrated, and laboratory tests are run on them. In obser¬ 
vation of actual stress conditions samples should be tested by increasing loads 
slowly and maintaining each load increment for a considerable period rather than 
by rapid load increase. In the elastic stage of deformations the elastic limit should 
be determined, then the compressive, tensile and shear strengths, as well as the 
ratio of vertical and horizontal deformations should be noted (cf. Fig. 2/10) 
Final decisions on construction method and lining dimensions can be taken on 
the basis of measurements in the pilot heading, observations of mountain structure 
and investigations of samples taken. 


3.64. MEASUREMENT OF PRESSURE CHANGES IN COMPLETED LININGS 

For the measurement of pressures acting on completed tunnel linings, use can 
be made of rod extensometers arranged radially, or in a star-shaped configuration, 
or pressure cells can be installed between the rock and the lining, or electrical 
strain gauges can be mounted directly on the tunnel lining. Use can also be made 
of a variety of other mechanical and acoustic devices. 

Rod extensometers in radial arrangement are shown in Fig. 3/64. Rod ends 



are telescopic and displacements (d) are measured by acoustic measuring cells, 
transmitting the results to a central electric recording instrument. If pressure ( p ) 
were distributed uniformly over a circle of diameter D and of unit length, and with 
E and ft denoting Young’s modulus of elasticity and Poisson’s ratio respectively, 
the pressure could be determined from the expression 


Ed 
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Taking into account the presence of a lining of thickness v and having a modulus 
of elasticity E b , between the surrounding soil and the set of extensometers, the 
pressure is approximately 


Instead of the radial'pattern, extensometers can also be arranged in a double A 
with its apex either lying or standing i.e. in star-shaped configurations. In completed 
tunnels this arranaement causes the minimum interference with traffic. 

Methods described in Section 36.1. and suitable for the measurement of stresses 
in natural rock faces can also be used. The only difference will be that devices 
attached to the internal surface of the lining record stresses instead of rock pres¬ 
sures which, however, reflect the effects of strength and bedding conditions on the 
lining (voids, and grouting, drainage, etc.) as well. 

Pressure boxes or cells of various types are available for the direct measurement 
of rock pressures. These are usually mounted on the external face of the lining. 
The method is recently gaining in popularity, especially for underground railway 
tunnels. Measurements of this type were carried out on the Moscow, Leningrad 
and Chicago undergrounds and are currently taking place on that in Budapest. 
Serious difficulties are still encountered in the evaluation of observation data, 
since besides the elapse of time, the development of pressures is seriously affected 
by the proper and firm installation of gauges, by all changes produced in the 
surroundings and by a variety of other factors, the identification and separation 
of which is practically impossible. 

The installation of pressure cells under the invert of a tunnel is shown in Fig. 
3/65, while their arrangement in a circular tunnel is illustrated in Fig. 3/66. Obser¬ 
vations conducted in Chicago soft clay led to the following conclusions: 


// Tube 



Section across Carles on cells 
Sold beck cells -^ ^ ^ 
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Arrangement of measuring instruments 

Fig. 3/65. Arrangement of pressure cells below bottom plate of tunnel (Chicago) 
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1. The ten-year observation record revealed that final equilibrium in the soil 
did not occur until five years after completion. 

2. Pressure changes showed two basically different trends, inasmuch a$ they 
decreased during the first three months, indicating that surrounding soil 

Arrangement scheme of pressure ce/k 



Station 8+ BU 



Station 10+62 



Fig. 3/66. Location of pressure cells in the circular tunnel section 


layers were only gradually affected by subsequent soil movements. Thereafter, 
vertical pressure increased for several years until static equilibrium was 
obtained and soil stresses increased to the limit soil resistance, determined 
also by independent shear tests. 

3. Lowest values were observed at the end of the first phase when stresses 
became practically uniform around the entire circumference of the circle. 

4. In the final equilibrium condition vertical loads attained the magnitude of 
the geostatic pressure, while lateral pressures, which showed small variation 
during the observation period, remained appreciably below the hydrostatic 
value. 
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The development of pressures is plotted against time in Fig. 3/67, demonstrating 
that vertical pressures in the plastic clay soil even at relatively small overburden 
depth attain the value of the geostatic pressure after a certain period, while owing 
to cohesion lateral ones remain appreciably lower. 

Observations included changes in the horizontal diameter of the tunnel as well 
as the deformations in tunnel shape (Fig. 3/68). The horizontal diameter was 
found to decrease as long as the driving of the second tunnel did not reach the 
cross-section investigated. Later, it increased showing a decreasing rate in time 
as long as the air pressure in the tunnel was maintained. From the moment when 
compressed air was shut off, the rate of increase again became steeper to flatten 
out again after a further three months only (Fig. 3/68a). Eventually the deformed 
shape of the 7-5 m diameter tunnel lined with cast iron elements changed from 
that under (b) to the one under (c). Deformation and stress observations thus 
revealed the considerable influence of various factors (adjacent tunnel, pneumatic 
support) besides that of time. 

The final conclusion derived from these observations by Terzaghi 3 "" 8 was that 
lining walls in plastic soils should preferably be constructed as flexible and as 


*•“ Terzaghi, K. : Shield Tunnels of the Chicago Subway, Journ. of the Boston Soc. of 
Civ. Eng. 1942 3 
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Fig. 3/68. Progress of deformations of the circular tunnels of the Chicago Subway 


late as possible. This is in full agreement with the remarks made in Section 3.12 
in connection with genuine mountain pressure. 

As revealed by careful deformation and pressure observation conducted in 
recent years in the circular tubing-lined tunnels of the Moscow and Leningrad 
underground 3,29 and elsewhere the stresses developing in the tunnel lining are 
frequently affected more by other circumstances than by rock pressure itself. 
Concentrated initial eccentric stresses leading to high bending moments and grow¬ 
ing deformation of the wall may thus be induced especially by inaccurate elliptical 
erection of segment rings and by improper grouting and backfilling. Cracks and 
stress peaks were noted to occur especially at the crown and in the elements 
immediately adjacent thereto. 


3 29 Gelman, G. and Bodrov, B. P.: Naprashennoe sostoyanie sbornikh tonnelnikh obdyelok 
metropolitena (State of stress in prefabricated linings of underground railway tunnels). Shorn. 
Statei 31 
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The horizontal diameter of the circular tunnel in clay of the Carboniferous Era 
was found to expand at a rate decreasing considerably with time (Fig. 3/69), 
while normal forces were observed to increase more rapidly than bending moments, 
indicating that the rate at which lateral pressures increased was higher than that 
of vertical ones. No appreciable load was transferred from the parallel tunnel 



Fig. 3/69. Progressive increase of the horizontal diameter of circular tunnel 
(in Carbonaceous clay) 


as long as the connecting bolts of lining segments were not tightened and per¬ 
mitted relative rotation between them. Otherwise the parallel tunnel caused an 
overload of almost 50% on the stress diagram. In the case of careful construction 
no significant differences between calculated and actually measured stresses could 
be observed. 

Grouting between the rock and lining is of considerable significance for the 
distribution and development of pressures. As can be seen from Fig. 3/70, the 
stresses in the rock behind the lining can be restricted by grouting to a much 
narrower range and the peak stress occurring at the interface can be materially 
reduced which is essentially a consequence of reduced pore volume behind the 
lining. 

The effect of imperfect grouting on stress distribution around the tunnel is 
shown in Fig. 3/71. Averages of test results obtained at an underground gas- 
container with a 6 mm thick welded steel-plate lining are illustrated here. 
An internal air pressure of 15 atmospheres should have caused a uniform circum¬ 
ferential stress of 1134 kg/cm 2 in the lining. At the crown and invert, where owing 

•- 30 Kovacshazy, F.: Obudai barlanggaztarto (Cavities as gas containers), Epites- es Kozleke- 
destudomanyi Kozlemenyek V 2 
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by grouting in surrounding rock the inaccuracie S of grouting 

are eliminated, may be re¬ 
garded as ‘balancing’ the ac¬ 
tive rock pressures. The slopes 
of the two straight lines were 
found to yield the coefficient 
A = 460/1200 = 0-382, which 
Average experience has proved to be 
ti34 kg/cm’ acceptable for the dolomite 

531 rock found on the site. 

A general conclusion from 
in situ rock pressure measure¬ 
ment appears to be that pres¬ 
sures around the tunnel are 
distributed continuously and 
Fig. 3/71. Tangential stresses in steel-sheet lining of decrease from the peak value 
embedded circular gas-container distorted at the crown towards the 

owing to imperfect grouting springings (cf. Figs 3/68 and 

3/71). Stress calculations 
should, therefore, preferably be based on a continuous radial pressure pattern rather 
than on the combination of uniformly distributed vertical and horizontal 
pressure diagrams. The resulting difference in the design bending moment 
is considerable, inasmuch as the moment in a circular section due to uni¬ 
formly distributed vertical and horizontal loads is M= +0-25 q{\ - X) r 2 . 


Fig. 3/70.. Change of pressure distribution produced 
by grouting in surrounding rock 


1885kg/cm 
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Fig. 3/71. Tangential stresses in steel-sheet lining of 
embedded circular gas-container distorted 
owing to imperfect grouting 
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with q being the vertical and X.q the horizontal load intensity (cf. section 43.22). 
On the other hand, in the case of continuous radial distribution we have M = 
= ±0-15 q{ 1 — A)r 2 . The difference amounts to 40%. 


3.65. DETERMINATION OF PRESSURES BY MODEL TESTS 

The numerical determination or check of real rock pressures on the basis of 
model tests is very difficult because the strength and deformation characteristics 
of the natural layers built with a true stratification but on an appropriately reduced 
scale in the model will undergo the stresses and deformations brought about by 
the excavation of the model cavity on a different scale. 

In order to obtain correct and characteristic deformations and stresses in the 
model, the deformation and strength-properties of the applied model materials 
should also be changed in accordance with the model scale. Recent investigation 
is therefore more and more governed by the trend (chiefly in mining engineering) 
to apply so-called ‘ equivalent materials' in the models which should be able to 
afford a correct reflection of the pressure and deformation conditions brought 
about by the excavation of the cavity owing to their altered strength and defor¬ 
mation properties changing in accordance with the requirements of the scale 
model. 3 - 31 * 

The ideal equivalent materials should possess similarity of modulus of propor¬ 
tionality and of stresses and strains in their resistance to compression, tension and 
shear i.e. they should display a similarity of the Mohr-curves. To imitate sand¬ 
stone, or sandy- and clayey-shales, mixtures of gypsum and sand, whereas for 
clays and slates mixtures of sand and paraffin are used. It is not only the similarity 
in these qualities of the material but the similarity in the stratification and structure 
of the rock which is of primary importance. The main point for which it is gener¬ 
ally striven for is the construction of models, in which the factors influencing 
pseudoplastic deformations and their extension may be reliably observed in order 
to conclude upon the processes, which are about to display in Nature. Eqviva- 
lency in this sense was not an object of recent tests carried out prior to the 
construction of the Donnerbuhl tunnel in Bern, Switzerland which may also be 
mentioned here. 3 - 31b 

Here the factors generally involved in rock pressure expressions were found to be 

p = y HA + cB , 

where H = the geometrical height of the loading rock mass 
y = its density 

' la Cf. Kusnetsov, G. N.: Investigation of Rock Pressure Phenomena on Models, 
Ugletehisdat, Moscow 1958 (in Russian) 

J 31b Cf. the series of articles in Schweizerische Bauzeitung 1960 III 10— 31 
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A and B are dimensionless coefficients whose magnitude depends, in general, 
on (j> and c (the shearing strength of the rock), as well as on the ratio of vertical 
and horizontal dimensions of the loading rock mass. 

By adopting y, </> and c values in the model identical to those in the prototype, 
the first terin of the expression is obtained correctly in the model by multiplication 
by the scale factor. The second term has the same value in the model and in the 
prototype. 

In the case considered, the results observed in the model at small overburden 
depth were equal to the geostatic pressure and approached the value calculated 
according to Terzaghi’s theory as soon as the overburden depth exceeded the 
tunnel diameter. 

Lateral pressures on the other hand were found to be higher than those obtained 
by Rankine's widely used reduction which is explained by the fact that owing 
to the small gaps and limited deformation opportunity involved in shield driving 
no shear resistance could develop on the sliding plane. 3 32 

Model tests performed earlier by Yamaguti 3 - 33 also demonstrated that the 
difference between roof and lateral pressures is usually smaller than Rankine’s 
heoretical value. 


3.66. MAIN TYPES OF PRESSURE MEASURING INSTRUMENTS 

A section through the Philips-type pressure cell (plate) which is also used in 
Hungary is shown in Fig. 3/72. This measuring device consists essentially of an 
800 mm diameter oil-filled box enclosed bv two membranes. Pressure acts on the 
large-surfaced (225 mm diameter) external membrane (A), the deformation of 

L. 225 1 _-i 



3000 


Fig. 3/72. Section of “Philips"’ pressure cell A Outer membrane 

B ■■ OH space , 

C - Inner membrane with ex tensemeter bana 

D ■ Compensating band 


3 32 cf. Houska, J.: Beitrag zur Theorie der Erddrticke auf das Tunnelmauerwerk, Schweiz 
rische Bauzeitung 1960 38 and see Section 3.33 

3 33 Yamaguti: On the investigation of stress distribution in a tunnel, Abh. 3. Ini. Kongr 
Techn. Mech. Stockholm, 1930 2 150 
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which is transmitted by the 
oil in space B to the smaller 
internal membrane C. Defor¬ 
mations of the latter are re¬ 
gistered with high sensitivity 
by an electric strain gauge 
mounted thereon. The strain 
gauge consists of extremely 
thin copper wire of which sev¬ 
eral waves are glued on pa¬ 
per. Any change in the length 
of the gauge induces a change 
in its total length, the ratio of 
the two being equal to the 
number of full waves. Slight 
changes in the gauge length 
thus give rise to perceptible 
changes in wire resistance 
which can be measured by 
changes in the strength of the 
small direct current passing. 

Changes in the current in¬ 
duced by electromagnets sus¬ 
pended on a stressed wire are 
registered by the MAiHAK-type 
pressure cell. The stress in the 
wire changes with external 
load (Fig. 3/73). 

Devices relying on vi¬ 
brating wire- and acoustic prin¬ 
ciples are also widely used. 
Changes in the frequency of 
a stressed wire due to its 
device. 


1. Cover piate 6.11. Supports of 

2. Load transmitting registration beam 

spherical pin 7. Electromagnet 

3. Registraton beam 8. Cable 

4. Encasament 9. Cable inlet 

5. Bottom plate 10. Steel string 



Fig. 3/73. Maihak's pressure cell 


extension are registered by the vibrating-wire 


These acoustic strain gauges provide a very sensitive means of measuring strain. 
They depend essentially on the variation of frequency of a tensioned wire with 
strain. The transverse frequency of vibration of a tensioned wire is governed by a 
well-known physical law which states that the transverse vibration of a stretched 
wire is proportional to the square root of the tension in the wire. Thus if the 
tension is altered in the wire, subsequently being strained by it. then the frequency 
of its fundamental vibration will be altered accordingly. In practice a very small 
(0 01 in) diameter silver-plated steel piano wire is clamped to that region of the 
structure in which strain is to be investigated and its frequency is recorded, sub¬ 
sequent strain in that region of the structure is transmitted to the wire via its 


Szechy: The Art of Tunnelling 
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rigidly clamped ends, resulting in a change in frequency of the wire, which is 
again recorded. The difference between these recorded frequencies is an obvious 
measure of the alteration in strain of the wire and hence of the structure to which 
it is attached. 

Many types of this device have been developed in various countries among 
which those of Coyne, Maihak and Road Research Laboratory (The Engineer 
Dec. 1958. p. 964) may be mentioned. It is especially applicable for long term 
tests and this makes it very suitable to rock-pressure measurements. 

The RANKi-type oil-cushion membrane pressure cell, the operating principle of 
which is illustrated in Fig. 3/74, was developed at the Technical University. 


lining Glycerine 

segment Outer membrane Membrane 



Fig. 3/74. Directly registrating oil-cushion pressure cell of Ranki 


Budapest, in connection with the construction of the Budapest Underground 
Railway. Pressures acting directly on a larger external membrane are again trans¬ 
mitted to a smaller one, the deflections of which are indicated mechanically by 
a dial gauge reading to 1/100 mm accuracy. Highly sensitive electrical equipment 
is thus dispensed with, although the possibility of tele-repbrting is sacrificed 
(direct readings are only possible). 

Pneumatic pressure cells, which are the most popular in American 
practice (Goldbeck, Carlsson, etc.), operate in the following manner (Fig. 3/75). 
External load acts on a 0-5 mm thick external membrane bearing on a concentri¬ 
cally located contact surface of 6 mm diameter. As the vessel is filled with com¬ 
pressed air, contact is interrupted at the moment when the internal and external 
pressures are balanced. The interruption of the electric circuit can be recorded 
with high accuracy. Dry compressed air and current are introduced on one side 
of the cell, the other lead being on the opposite side. The sensitivity of the 






WATER PRESSURE 


259 


pressure cell can be adjusted by a 
screw at its base. 

Aside from pressure cells,.measuring 
struts and jacks operating on hydraulic 
principles and built into the lining may 
be used for directly registering the pres¬ 
sures or deformations therein. Their 
more detailed treatment would, how¬ 
ever exceed the scope of this book. 3 - 34 


3.7. WATER PRESSURE 


Tunnels, where they are below the 
groundwater table, are exposed to the 
external pressure of water in addition 
to external rock or earth pressure. This 
load must be taken into account mostly 
in the case of tunnels built in the upper, 
geologically young formations, i.e. especially for underground railway and sub¬ 
aqueous vehicular tunnels where the major part of the total load must be 
attributed to it. 

In contrast to rock pressure, external water pressure usually acts according to 
the full hydraulic head without any loss, especially where in the interior of the 
mountain a natural system of communicating caves exists which is bounded below 
by an impervious layer. 

In the case of such an intercommunicating system the magnitude of water 
pressure is at every point equal to the hydrostatic head in a direction perpendicular 
to the loaded surface. Such conditions are encountered primarily in sedimentary 
rocks, while freely percolating water in volcanic rocks occurs only in the rarest 
instances. Yet the development of full hydrostatic head in the interconnected 
fissures of these rocks is by no means impossible. For the lining of pressure tun¬ 
nels this effect may even be advantageous. On the other hand, in headings with 
no permanent lining such ‘weeping water’ under pressure may loosen and dislodge 
pieces of rock from the roof and from the side walls. Water flowing with a free 
surface will thus be less dangerous in similar cases. A value lower than the full 
hydrostatic head can be taken into consideration as a rule for temporary under¬ 
ground structures only (shield chamber faces, temporary head-walls), provided 
that the soil penetrated is of low permeability and the possibility of the percolation 
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Fig. 3/75. Carlsson’s pressure cell 


Hamilton J. J.: Earth Pressure Cells (NRC. Canada), Rep. No 6009 1960. 

Jacobi D. (1958): Instrumentation for Rock Pressure Research, Colliery Engg. Vol. 35, p. 81. 
Mohr F. (1956): Measurement of Rock Pressure, Min. Quarry Engg Vol. 22, p. 178 
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of groundwater from upper water-bearing layers along fissures to the structure is 
nil. In some instances water may percolate only very slowly towards the tunnel 
lining through silty sand veins a few millimetres thick, embedded in fissures 
between clay layers. On the one hand, a very long time is necessary for the ex¬ 
tremely small flow to build up to full hydrostatic head and, on the other, a very 
slight leakage or seepage through the lining is already sufficient to drain off the 
water and reduce water pressure. In similar soil, interwoven with thin permeable 
veins, water pressures considerably lower than the hydrostatic head were observed 
even after several years during the construction of the Budapest Underground 
Railway (cf. section 63.24). In similarly stratified soils the distribution of water 
pressure around the Section was found to be non-uniform. No water pressure 
acted at points where the lining was bedded tightly against the impervious layer, 
but even the full hydrostatic head prevailed on the faces exposed to water-bearing 

veins. Thus it is conceivable 
that water pressure will not 
act on the entire surface be¬ 
cause water has no access at 
all to some parts. 

In view of the foregoing, 
tunnels need not necessarily 
be designed to resist the full 
hydrostatic head where the 
surrounding impervious soil is 
fissured, or woven through by 
permeable veins small enough 
to ensure a certain degree of 
sealing, admitting no more 
water to the lining than it is 
capable of draining continu¬ 
ously through its pores and 
other discontinuities, or which 
can be evaporated by venti¬ 
lation. The great advantage of 
careful drainage is once again 
demonstrated, inasmuch as not only will the excavation be drier, but the load is 
also reduced and the lining is subject to smaller forces (Fig. 3/76). It will be 
readily noted from the figure that the critical water pressure on the tunnel lining 
will develop under static conditions, while seepage pressure maintained by con¬ 
tinuous drainage will be least harmful. This condition must, however, be en¬ 
sured by providing suitable drainage structures, or sometimes artificial means 
such as pumping must be employed. It should be remembered at the same 
time that upward seepage may reduce the load-bearing capacity of soil under 
the tunnel; it may lead to boiling resulting in increased settlement of the tun¬ 
nel. In this respect the situation is analogous to that in the experiment 


Ground surface 



Fig. 3/76. Water pressures acting on 

(а) pervious and 

(б) on impervious tunnel linings 



WATER PRESSURE 


261 


Sand surface 



Fig. 3/77. Effect of seepage and danger of boiling on tunnel floor in sand (Terzaghi) 


shown at the right-hand side of Fig. 3/77, where weight W settles suddenly into 
the soil as a result of upward seepage pressure as soon as the hydraulic 
gradient hiH = i reaches unity. Since this ratio 

Atj(t + m) 

(cf. Fig. 3/77b) is, in the case of tunnels, not lower than unity unless the tunnel 
is relatively very high, or unless drawdown is very slight, the inflow of water into 
tunnels in sandy soils is permissible only if the entrance of sand particles can 
positively be prevented by careful filtering. The advantage of admitting water 
at the bottom of the structure will be noted from Fig. 3/77. The cross-section 
of drainage should be capable of handling the flow at which the entire ground- 
water table can be lowered in the vicinity of the tunnel, which then assumes the 
role of a large filter drain. Static pressure is thereby minimized, while seepage 
pressure ( h 0 ) is in most cases negligibly small in view of the low velocities and 
small water volumes involved. Otherwise, however low the seepage velocity 
and small the flow may be, water will gradually accumulate at the lining which 
after a certain period of time will be subject to a pressure corresponding to 
the full static head. 
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If 3 tunnel is designed to resist water pressure, the calculations must naturally 
include uplift as well, and the density of the saturated soil must accordingly be 
determined from the known relationship 

Y = C* - 1) (1 - n) . 

Sometimes the tunnel itself lies entirely in an impervious layer through which 
no water has access to the tunnel and this layer is overlain by strata saturated 
with water. In such cases the load to be taken into consideration is the weight 
of the water-logged layers which have a density: 

y" = (1 — n) s + n . 

No water pressure will act on the section. 

Besides the direct external load produced, water has secondary effects as well, 
such as the reduction of inherent rock strength upon saturation. Consequently, 
the stress-relieved core will be larger and the rock load on the tunnel will be the 
saturated weight of an increased rock mass. 

In the case of pressure tunnels water pressure may represent not only external 
loads, but the internal design loads as well, the magnitude of which depend on 
operating conditions while its direction is perpendicular to the internal surface 
(cf. Section 4.34.). 


3.8. LIVE LOADS 

3.81. INTERNAL LOADS 

Loads due to the weight and velocity of vehicles moving, or material transported 
in the tunnel are usually negligible in comparison with the external earth and water 
pressures. For this reason internal loads are usually neglected in the design with 
the exception of tunnels subject to high internal pressures (e.g. power tunnels, 
underground gas containers, etc.). This is all the more justifiable, as internal 
pressures tend to counterbalance external loads and the empty tunnel will usually 
represent the design loading case. Exceptions to this may be listed as follows: 

(a) Closed rectangular cross-sections of monolithic reinforced-concrete con¬ 
struction encountered with sub-pavement underground railways where the weight 
and pressure of earth are relatively small in comparison with the internal railway 
loads, and where direct loads on the bottom slab are no longer negligible because 
of the great width of the rectangular section. 

(b) Power or sewage pressure tunnels referred to already, where internal pres¬ 
sures may attain orders of magnitude considerably in excess of the external rock 
and water pressures. The internal load furthermore induces tensile and bending 
stresses which are critical to the tunnel lining. 
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(c) Tunnels in extremely soft, loose soils where the latter surround the tunnel 
in a liquid state and may give rise to critical local moments as an asymmetric 
external load. 

3.82. SURFACE LOADS 

Loads due to buildings and vehicles on the surface, or to utility lines running 
above the tunnel play a role in the case of sub-pavement tunnels only, which run 
at relatively shallow depths under the ground surface. In Hungary these loads 
must be taken into consideration according to the specifications of the Highway 
Bridge Code. In the design of the Moscow Underground Railway these loads were 
allowed for by assuming a 45° spread and no dynamic factor (cf. Section 4.15). 
Beyond 8 metres overburden depth the effect of these loads is usually insignificant. 
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CHAPTER 4 


DESIGN OF TUNNEL SECTIONS 


It is a generally recognized fact that stresses and deformations measured in 
existing tunnels usually do not agree with those predicted on the basis of certain 
assumed loads and/or accepted design methods. There are many reasons, of course, 
to account for the discrepancies including: 

1. Design loads and assumed pressure distributions may not correspond to 
actual conditions; 

2. The regarding materials and structure of the tunnel lining may not display 
the elasticity, rigidity and the other characteristics assumed in the design; 

3. The design assumptions made for the calculation of stresses are not quite 
accurate; 

4. Certain initial stresses may develop during construction that have not been 
allowed for in the design. 

It follows, then, that it is advisable to use somewhat higher safety factors in 
the design of tunnels and that the loads should be considered in every possible 
combination. 

In the design of underground structures the surrounding rock at first was 
considered only an external load and the effect of any elastic subgrade reaction 
was disregarded. Monolithic stone and concrete linings were designed as arches 
according to the theory of elasticity, subject to active pressures and ignoring any 
passive resistance to the deformations as may have been offered by the surrounding 
rock. Flexible linings used in shield driven tunnels were treated in much the same 
manner. The bearing pressures were calculated from equilibrium considerations 
and assumed to be distributed as under an infinitely rigid body (Fig. 4/1). 

More advanced design methods were first introduced by O. Kommerell, O. N. 
Rozanov and J. Hewett, in which the resistance of passive earth pressure to struc¬ 
tural deformations was recommended for consideration. In these methods, how¬ 
ever, the monolithic lining was still treated as a composition of arches and walls, 
i.e. of separate members even though rigidly connected. Neither the deformation 
of the section as a whole, nor the interaction of the deformations of the composing 
members was considered (Fig. 4/2). 

Kommerell’s method (described in Section 42.1) was modified later by Rozanov 
to include the friction force S 2 under the wall base. This, of course, is a prerequisite 



DESIGN OF TUNNEL SECTIONS 


265 


Vertical pressure 


Fig. 4/1. Monolithic 
rigid tunnel 
section with no 
elastic subgrade 
reaction 



Uniformly distributed bearing pressure 


iiussiiuimu) 


Fig. 4/2. Built-up section 
supported by 
passive earth 
resistance 



for a base whose horizontal displacement is assumed to be zero. In his method 
for monolithic circular ring sections (see Section 43.33) Hewett also included the 
passive earth resistance. However, the distribution of the latter was taken as trap¬ 
ezoidal, a rather arbitrary assumption, and was calculated assuming no change 
:n the length of the horizontal diameter of the ring. In these design methods the 
effect of passive ground resistance was obviously overestimated which, in turn, 
resulted in lower safety factors. 

In order to improve design accuracy, the Soviet experts Davidov, Zurabov- 
& >i g ayeva. Bodrov, Materi and Gorelik have attempted to include the interaction 
he tween the deformations of the monolithic and flexible structure and the elastic 
-ubgrade reactions. All the assumptions used in these methods were based on the 
formula by Winkler p = Cy, i.e. on the linear relationship between pressures 
-ind displacements (Fig. 4/3; Sections 42.3 and 43.4). 

It is generally recognized today, that over-rigid tunnel linings are not economical 
to build. Lateral support can, and should, be utilized by designing flexible sections 
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Vertical pressure 





Fig. 4/3. Loads on a tunnel section with lateral ground support considering elastic deformations 
and subgrade reactions 



Fig. 4/4. Load reductions with 
increasing strains 
in plastic ground 
(by Mohr) 


which will expand horizontally under vertical loads. Flexibility will also allow 
self-adjustments to follow the thrustline and may prevent damage arising from 
loads which increase with time. 

In his study, Dr. F. Mohr 41 draws attention to the changes in loads as functions of time. 
In rocks with plastic behaviour loads on the tunnel section diminish rapidly in the wake of 
structural deformations. This is represented by a descending line (1) in the a — e diagram 
(Fig. 4/4) as an indication of the continuous decline of the a stresses with increasing strains. 
If certain strains (e 2 ) have developed prior to the commencing of lining operations, the initial 
stresses are reduced to <7 2 accordingly. As strains continue to increase the loads will also 
gradually increase on the lining (line I). The load governing the design will be that correspond¬ 
ing to stress a 3 as determined by the point of intersection (D) of the two lines. Continued 
deformations in the rock, of course, are only made possible through the flexibility of the lining. 


41 Mohr, F.: Gebirgsdruck und Ausbau, Gliickauf 1952 27—28 
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In the case of a rigid lining the loads would be determined by the stresses prevailing at the 
time of construction (<j 2 ). 

Compressibility of Jhe lining and the modulus of elasticity are also contributing factors 
to flexibility. The smaller E is, the flatter the line of load transfer becomes (II); the point 
of intersection is shifted to D' and the resulting stresses will be smaller (ct 3 ). It must be remem¬ 
bered, however, that the above observations apply to genuine mountain pressures only. The 
development of the stress-free body, giving rise to relaxation pressures and the resulting loads 
cannot be reduced by trying to promote such deformations. On the contrary, solid supports 
constructed hurriedly will place a limit on the fragmentation and on the propagation of the 
zone of relaxation (cf. Fig. 3/47). 

In this case the advantage of section flexibility lies in the increased lateral ground support. 

It is well to remember that maximum loads are not necessarily encountered in 
the finished stage, but may occur during construction as well as some time after 
completion. This will also depend on the construction methods employed and 
on the type and condition of the rock surrounding the tunnel. 

As discussed in Chapter 3, loads on the tunnels include the weight of the over¬ 
burden, self-weight, weight of installations, live loads both within the tunnel and 
on the surface and temporary construction loads (such as compressed air, jacking 
thrust, etc.). In order to avoid repetition the following section will deal primarily 
with specifications for design loads. 


4.1. DESIGN LOADS 

As mentioned in Chapter 3, this is about the most difficult problem befcause all 
possible factors (such as type of soil, construction methods, structural shape and 
flexibility, etc.) cannot be taken into account within the practical limits of any 
specification. This is why there are no comprehensive tunnel design-load speci¬ 
fications anywhere in the world and why they are compiled for each particular 
undertaking on the basis of prevalent conditions. 

A number of general design rules are given below and supplemented by speci¬ 
fications for two particular projects. 


4.11. ESTIMATED DESIGN LOADS FOR DEEP TUNNELS 
IN SOLID GROUND 

1. The sliding surfaces in the entrance area extend to the surface (Fig. 4/5). 
There is no lateral pressure in materials with high cohesion values and the over¬ 
burden is confined between two vertical planes, i.e. one on each side of the tunnel. 
Because of the static earth pressure along these planes the actual vertical load on 
the tunnel will be the total self- weight of the overburden less the frictional forces 
due to the static earth pressure on both sides (Fig. 4/5a). 
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In loose soil and fissured, fragmented rock material there will be vertical as 
well as horizontal pressures. In this case the overburden zone will be limited by 
sliding surfaces inclined at 45° + 0/2 rather than vertical. The vertical loads will 

be equal to p = hy and the diagram of lateral pressures will be trapezoidal 
(Fig. 4/5b). 


Entrance zone 

3) without lateral pressure With lateral pressure 



A more accurate estimate of the overburden near tunnel entrances may be based 
on the theoretical slope, outside of which the ground masses will stand up by 
themselves and only those within will have to be supported. While the pressure 
diagrams will be similar to the previous ones, the forces will have to be reduced. 

2. On the way into the tunnel there will be a point where sliding surfaces no 
longer reach the surface and the overburden is limited to a stress-free body con¬ 
tained within an arching of soil. For covers of 30-50 m (100-170 ft) and more, 
tunnel linings should be designed for this condition. 

If there is no lateral pressure, a parabola or an ellipse of a calculated height h 
can be fitted over the tunnel to represent the burden zone. 

If there are lateral pressures to be considered, the sliding surfaces will, start 
at 45° + 0/2 at the bottom of the walls and be extended to the top of the section. 
Above this level the burden zone is once again contained within a parabola, the 
height of which, h, can be calculated by a number of methods. The vertical loads 
are to be calculated by dividing the area into narrow strips. In most cases the 
parabola is divided into three parts and then evened out; the two dividing lines 
are vertical and are constructed on either side of the tunnel. The tunnel is then to 
be designed for the vertical pressures of the centre strip (pj and for the lateral 
pressures as derived from pressure p 2 (Fig. 4/6b). 

3. Except for the adit and exit areas it does not make any difference whether 
the surface is sloping or not. In this case the diagram of vertical pressures will 
be trapezoidal and the lateral active pressures will be unequal (Fig. 4/7a). 
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Pressures deep below 
the surfece 


With no lateral pressure 


b) 

With latere Ipressure 


U 


■p-hr 



Fig. 4/6. Rock-pressure assumptions with a 
depth of overburden 


great 


a ) 


b) 


In solid ground - with no 
lateral pressures to speak of - 
passive pressures must not be 
relied on unless there is a dis¬ 
tance of at least 9-12 m (30- 
40 ft) between the exterior face 
of the walls and the surface. 

4. Special consideration 
must be given to tunnel sec¬ 
tions passing along dividing 
lines between two layers and/ 
or faults (Fig. 4/7b). These 
loads will constitute the critical 
sections where tunnel pressure 
will not be symmetrical, and 
there will be lateral pressures 
also in solid rock. 

Once again reference is made 
to Section 32.1. according 
to which pressures in solid 
rock depend largely on the 
condition of the material. For 
example, there will be no pres¬ 
sures at all in sound rock that 
is free from fissuration. On the 
other hand, adjectives such as 
“laminated”, “shale structu¬ 
re”, “block formations”, “in¬ 
terwoven”, “cracked”, “weath¬ 
ered”, etc. are all indica¬ 
tions of a tendency to detrition and warrant increases in the assumed lateral 
pressures. Moisture content has a similar effect as far as design loads are 
concerned, because it will “lubricate” the cracks and will represent an increase 
due to its own weight as well as to its effect on the pressure coefficients. 




Fig. 4/7. Asymmetrical loads due to sloping 

surface and to changes in the type of 
ground material 


4.12. ESTIMATED DESIGN LOADS FOR SHALLOW TUNNELS IN LOOSE. 
SATURATED SOIL 

Vertical loads on tunnels close to the surface (H < 2-5B) will consist of the 
weight of all materials above such tunnels, including hydrostatic pressure if the 
water table is above the tunnel. For a ground cover of depth h and a water table t 
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above the tunnel the vertical load is 

Pv ={h - t) y 4 (l - ri) + t[y s (l - ri) 4- 1 n ], (4.1) 

where y s and n are the specific weight and the void percentage of the soil, respec¬ 
tively. 

The assumed design load may be bigger or smaller than this geostatic load 
depending on construction methods, tunnel location and depth of cover. 

Bigger loads may be encountered on tunnels constructed in wide trenches close 
to the surface and bearing a certain amount of backfill that is still subject to con¬ 
solidation. The same rule applies to tunnels constructed on the surface and then 
buried under an embankment which is again subject to consolidation. The reason 
for this lies in the increased settlement due to consolidation of the adjacent earth 
masses which, thus, impose additional loads on the more rigid tunnel’section in 
the form of negative skin friction (see also Section 43.4). 

Loads may be less than the geostatic pressures, however, if arching develops 
above the tunnel, either because of the strength of the cover or because of its 
depth. In both cases part of the overburden will be carried by the adjacent undis¬ 
turbed ground. Construction methods causing extensive deformations in the 
overlying strata will also result in arching and in a reduction of loads on the tunnel. 
If, however, such deformations are too small to develop frictional resistance, the 
loads on the tunnel will hardly differ from the initial stage. It must be noted here 
that, while the phenomenon of arching should be considered in the design of 
temporary structures whenever possible, it is regarded much less frequently in 
the design of permanent structures. The reason for this discrimination lies in the 
temporary nature of arching itself and in the empirical fact that pressures in general 
tend to increase gradually, as time goes on, towards geostatic values. This is partic¬ 
ularly true in clay materials (see also Section 36.4 and Figs 3/67 and 3/68). 


4.13. EXCERPTS FROM THE SPECIFICATIONS FOR THE DESIGN 
LOADS OF THE LISBON SUBWAY 

In 1950 design load specifications were compiled for the construction of the new Lisbon 
Subway, based primarily on experiences gained in the capitals of the Latin countries (Paris, 
Rome, Madrid, Buenos Aires). Although the vertical alignment in general follows the surface, 
because of the hilly nature of the terrain, there is a wide range in the depth of cover as well 
as in the geological conditions. Tunnel sections passing through basalt were constructed 
with classical tunnel driving methods; those sections passing through clay were built in open 
trenches. 

The specifications for design loads cover both temporary (scaffolding in headings) and 
permanent installations (tunnel lining) and differentiate between sections that were driven 
and those that were constructed in open trenches. Temporary structures were designed for 
3200 kg/m 2 (655 lb/ft 2 ). 

Tunnel sections constructed in open trenches were designed to carry an overburden equal 
to the geostatic pressure multiplied by a factor. This was a function of the ratio of the depth 
of cover ( H ) to the tunnel width (B) and also depended on the type of soil; 
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H 

~B 

0-5 

10 

1*5 

20 

30 

40 

50 

7-0 

100 

120 

150 

>150 

Granular material 
with no cohesion 
y - 1-6 t/m 3 (99'9 
lb/ft 3 ) (%) 

91 0 

830 

760 

698 

59-3 

510 

44-4 

34-6 1 

25-4 

21-4 

17'2 

16-1 

Silty wet sand 
y = 1'9 t/m 3 
(1186 lb/ft 3 ) (%) 

92'2 

85'2 

78-9 

72'2 

63'5 

55'2 

490 

389 

29'2 

24'8 

20'1 

190 

Saturated clay 
y = 2'1 t/m 3 
(1311 lb/ft 3 ) (%) 

94-8 

89-8 

85'2 

80-9 

73-2 

66-5 

60-6 

1 

510 

40-4 

35'2 

29'1 

284 


Surcharge loads due to buildings and vehicles were distributed at 45° and replaced by equi¬ 
valent uniformly distributed loads 


Surface t/m 2 

60 

H — 1 m deep 5'0 

H = 2 m deep 4'0 

H — 3 m deep 3-0 

H = 4 m deep 2-0 

H = 5 m deep l'O 

H — 6 m deep 0 


Bearing pressures due to subway cars (weighing 40 t) and due to the self-weight of the 
bottom slab ranged from 0'36 kg/cm 2 (5■ 12 psi) to O' 13 kg/cm 2 (1'85 psi). The depth of the 
overburden zone carried by driven tunnel sections, h p , varied with the surrounding soil type 
and was different for the initial stage and for the final condition (after loosening in the rock 
had taken place). Maximum and minimum pressures, as specified, were to be combined with 
lateral pressures to produce governing design conditions. 

In sand and silt materials the depth of the overburden zone was specified in the form of a 
maximum and a minimum (h p ) 


Type of soil 

Pressure 

Above water table 

Below water table 

L 

p min 

h 

p max 

hp min 

hp max 

Compact 

sand 

initial 

final 

0-27 ( b + m) 
0'31 (b + m) 

0'60 0 b + m ) 

O' 69 (b + m) 

0'54 ( b + m) 
0-62 (b 4- m) 

1-20 (b + m) 
1-38 ( b + m) 

Loose 

sand 

initial 

final 

0'47 (b + m) 
0-54 (b + m) 

0-60 (b + m) 
0-69 (b + m) 

0'94 ( b + m) 
1-08 (6 + m) 

1-20 (b + m) 
1-38 (b + m) 


where b and m were to be substituted in metres. 

Lateral pressures were specified as p h — O'3 y (0'5 m + h„) i.e. conforming to a trapezoidal 
diagram. 
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Provided that there was not too much fissuration in the material, the depth of overburden 
in the prevailing basalt was specified at h p = 0 in the initial stage and at h p = 0-56 or 0'35 
(b + m), whichever was greater. In basalt material that had disintegrated into blocks the 
initial overburden depth varied similarly from 0 to 0'6 (6 + m) (initial stage) and from 0'35 
(/> + m) to 1-1 (b + m) (final stage) depending on the extent of fissuration. 

In clay the overburden pressure was 


p. 



(4.2) 


where S the lateral friction of the soil mass surrounding the overburden body and is calculat¬ 
ed from 

I H \ 

S = | c + A a y — tan <j> H 

In clay materials, where lateral pressures also had to be considered, the factor for such 
pressures was taken as 0-7 in plastic clays and 0 5 in clayey soils. 


4.14. EXCERPTS FROM THE SPECIFICATIONS FOR THE DESIGN 
LOADS OF THE BUDAPEST SUBWAY 

The external loads to be considered in the design were specified to include'. 

Loads 

A. Permanent loads and effects 

(a) overburden (earth pressure, hydrostatic pressure, surcharge loads 
due to buildings, etc.) 

(b) seef-weight of structure 

(c) loads due to installations and equipment 

(d) displacement of supports (where working against safety) 

(e) shrinkage of concrete. 

B. Transient loads and effects 

(f) live loads (\ehicles, pedestrians, etc.) 

(g) temperature changes (within narrow limits) 

(h) loads due to construction equipment (such as jacking thrust, 
pressure grouting, etc.). 

Surcharge loads (buildings, vehicles) are to be distributed at an angle of *, = 30° for a 
depth not exceeding the half width of the building, below which the angle of distribution 
is to be increased to 45° (Fig. 4/8). Buildings wider than three times the depth of their founda¬ 
tion shall be considered in the form of a uniformly distributed surcharge pressure equal to 
an additional depth of fill. Allowance for impact shall be considered for depths of cover less 
than 1 -5 m (5 ft) and shall then be decreased gradually to zero as that depth reaches 3 m(10ft). 

The live load of subway trains need not be considered in tunnels with a depth of cover in 
excess of 7 5 m (25 ft). 

Because temperatures are at a reasonably constant level in underground structures, the 
effect of temperature change need be considered only in exceptional cases and then within 
narrow limits. In such exceptional cases uniform temperature changes shall be limited to 
i. 10 C (18 °F). Uneven temperature changes apply only to exceptional cases such as ventila- 
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Fig. 4/8. (a) Surcharge distribution; 

(b) and ( d ) Computation of governing rock pressures; 

(c) Minimum distance between tunnels (Specifications Budapest Subway) 


tion shafts and ducts, where a sudden drop in temperature would affect the inside face but 
not the outside face in contact with earth. In such cases temperatures of — 5 °C (23 °F) and 
+ 10 °C (50 °F) shall be assumed for the inside and outside faces, respectively. 

Shrinkage of concrete shall not be considered unless causing substantial stresses, in which 
case it shall be considered as equal to a temperature drop of 10 °C (18 °F) and 7 °C (13 °F) 
for concrete and reinforced concrete, respectively. 

There is no need to comment on loads under (b), (c), (d), and (h) except that they should 
be taken into account at their actual values and effects. 

Rock Pressures 

Vertical pressures, to be calculated according to Terzaghi’s theory, are specified in twcf 
groups depending on the presence or absence of groundwater. 

+. No groundwater. 

(a) In rock material the pressures may be taken as zero, provided that there are no 
cracks and faults to speak of, and that there is no stability problem. 


18 Szdchy: The Art of Tunnelling 
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(b) In soft clays (consistency index K,< 0-6) and in granular materials subject to vibra¬ 
tions (if caused by traffic and for depths less than 3 m=20ft) and in backfill ma¬ 
terials (provided that the excavated trench is not wider than 1-5 times the width 
of the tunnel) earth pressures shall be taken as equal to the full geostatic loads. 

(c) Vertical loads are generally less than the geostatic values in soils that are sufficiently 
homogeneous and consist of layers displaying little variation in physical properties. 

Vertical pressures will also depend on whether the type of soil underlying the tunnel is 
solid, in which case the vertical loads on the structure will be reduced, or whether it is of a 
loose texture in which case the vertical pressures will increase because of the compression 
of the base. 

The following dimensions and notations are listed here for reference purposes: 

B = — + m tan ^45°- - | , 


where b = the tunnel width (cf. Fig. 4/8b) 

m = the depth of the interior of the tunnel section 
<t> = the angle of friction of the surrounding ground, 

Also, c = the smallest of the cohesion values to be found in the layers above the tunnel 
c 0 = the cohesion of the layer immediately overlying the tunnel 
g = the geostatic pressure at the level being investigated. 


In homogeneous material g = ty, in stratified soils g = 17, ■ y r (If there is groundwater 
present, g is the geostatic pressure excluding buoyancy but including the weight of the water 
in the ground. Surface loads are not included in g.) g„ denotes the geostatic pressure including 
buoyancy, h is the depth measured from the top of the structure to the water table (Fig. 
4/8b) and t is the depth from the top of the structure to the surface. 

1. In cases where granular materials - such as gravel, sand, sandy and silty fill (max. 
10% silt) - extend on both sides of the structure for a distance not less than b, the vertical 
pressure is 


where 


Py ~ 1 '4 g 



(4.3) 


v = K — tan <j> , 

B 


and K is the ratio of lateral to vertical pressures, varying from A„ = tan- ^45°-^-J to 10. 

In lieu of more accurate information K may be taken as 1 
The factor 14 is to be used in the final load design. 

2. In case; of overburden materials having a certain amount of cohesion (silt, clay) the 
vertical pressures are calculated as 

1 — e~ v ( c \ 

Py = iAg v ' I* ’ i4A) 

where y a = the average unit weight of the layers above the tunnel. 

3. Surcharge loads ( q ) distributed over a distance of not less than 3 times the depth of 
cover (3r) shall be added to the above pressures at the rate of 


p m = l-4<7 • e~ v 


(4.5' 


regardless of groundwater conditions. 
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Surcharge loads less than 3r wide shall be distributed as illustrated in Fig. 4/8a. 

4. For an overburden consisting of granular as well as cohesive soils, two calculations have 
to be completed. 

First calculation: Assume arching in the lower layer and consider the upper layer as a 
surcharge: 

p yl = A + 1-4 t, Yie~ v ', 


where 


A 


1'4 t., y 2 



(4.6) 


provided 

or 


that the lower layer consists of granular material; 


A 


1'4 1 2 Vi 



c 

yTe 


provided that the lower layer consists of cohesive soil, 
and 


t) 2 


— tan 
B 


4 > 2 > 


(the cohesion is to be taken as that of the lower layer). 

Second calculation: Assume arching in the upper layer and assume the full weight of the 
lower layer to be carried by the tunnel 

Pyt = A + t, y~ , (4.7) 


where, provided that the upper layer consists of cohesive material, 

1 _ e -t>i f c \ 

A = 14 t 2 y ,-- 1-, 

I Va B) 


and 


t>, = ~ tan <Pi , 

B 


(the cohesion is to be taken as that of the upper layer.) 

The smaller of p yl and p v2 shall be considered from here on. 

5. Two tunnels close to one another can be regarded as a single structure of width 
as far as vertical pressures are concerned, provided that 

d< 1-3 (Bt + B t ) 


and 

d < b 1 + b 2 . 


(Fig. 4/8c). In other cases the loads shall be considered separately over each structure. 

6. With p y determined, the active lateral pressures at a given depth y can be calculated 
as follows: 


Pxa = (j>y + yy) tan 2 ( 45 ° - y - 2 cotan ( 45 ° ~ y • 


(4.8) 
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It is possible that the walls may move outward under the thrust from the arch. In this 
case the maximum passive earth pressure that may be considered is 


Pxp = ~ ^9 + yy) tan 2 



+ 2 cotan 



(4.9) 


where n is the factor of safety, which should not be less than n = 2 according to the Specifica¬ 
tions. 

B. If there is groundwater present, all the above must be modified accordingly. 

7. Vertical pressures in pervious, homogeneous, loose granular materials (k ^ 10- 7 cm/s) 
shall include the weight of the overburden, hydrostatic pressure and buoyancy (see Fig. 
4/8b for notations) 



v 


+ hy. 


(4.10) 


8. In soils stratified as illustrated in Fig. 4/8d there are three p y values to be calculated: 


Py i = hy v = h. 


Py 2 = 1'4 




V i 



All loads - referring to a plane at a depth t, - are to be included in the product of 
including the weight of the water. 


1 — e~ Vl 

Pya = l - 4 9m ■ -1- h Vi + (A — ' 2 ) Fv. 


where g u denotes the pressure due to the upper layer, including buoyancy. 

Denoting the smaller of p y2 and p y3 by p' the critical load is the greater of p’ and p n . The 
value of p' shall be not less than 5 t/m 2 (1 "025 lb/ft 2 ) and shall not exceed the geostatic pressure 
without buoyancy. 

If the arrangement of the layers is reversed, i.e. the impervious layer is above and the pervi¬ 
ous layer is below,the pressures shall be computed as under 4,taking the buoyancy into consid¬ 
eration as required. 

9. The lateral pressure in pervious soils is to be calculated as the sum of the earth pressure 
reduced by buoyancy, and the hydrostatic pressure, i.e. 


Px = 


9 ~ hy. 


(1 - e -") + y (y — y f ) 


A + (h + y) y, 


(4.11) 


In the above expression the value of the hydrostatic pressure is generally predominant. For 
this reason hydrostatic pressures shall be eliminated whenever possible. 

Theoretically speaking, hydrostatic pressures need not be considered in solid, impervious 
and non-porous materials provided the voids between the tunnel and the ground are filled 
by grouting. In impervious materials it is generally either the hydrostatic pressure or the total 
earth pressure plus the weight of water that has to be considered. The reason for taking hydro¬ 
static pressures into consideration lies in the possibility of water eventually reaching the struc¬ 
ture through cracks or faults. However, because the changes of this happening are limited, 
the safety factors may be reduced in such cases. 
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In the case of temporary structures the water may be allowed to penetrate the structure as 
this will lower the water table and eliminate hydrostatic pressure. Special holes shall be provid¬ 
ed above such inlets, however, to allow inspection of the actual lowering of the water level. 

C. The directives also cover the distribution of hydrostatic and earth pressures on double 
linings. Here are the basic principles: 

In the case of a single waterproof lining the latter shall resist hydrostatic as well as earth 
pressures. 

In the case of a combination of permeable exterior walls and interior waterproof linings, 
such as brick of concrete wall outside, reinforced concrete lining and waterproofing inside, 
the first will have to resist the earth pressure only and the latter shall be designed for the 
hydrostatic pressure. 

The above design loads, of course, apply not only to circular tunnel sections but also to 
shields and any other underground structures used in the construction of subways. 


4.15. SOVIET STANDARD SPECIFICATIONS FOR THE DESIGN 
OF UNDERGROUND AND MOTORWAY TUNNELS 


(Sztroitclnie Normi i Pravila, Gl. 3., 

8. SNIP II—D—3—62 and II-D-62, Moscow 1963) 


The principal prescriptions as to loading assumptions of these extensive design 
specifications are as follows: 

1. Loadings acting upon tunnel structures must be assumed as a function of the 
cover-depth, of geological, hydrogeological and seismic circumstances, of the 
dimensions of the excavated cavity and of the construction method employed 
and of the order of sequence of single items in the excavation-propping 
process. 

2. Dimensioning of tunnel structures must be effected on the basis of the most 
unfavourable combination of all loads and effects acting simultaneously and 
in cooperation either on the structure as a whole or on its separate parts 
and either during construction or during operation. 

For this, the following loads and effects must be considered: 

(a) Basic loadings composed of permanent loads and effects such as 
Self-weight of structure 

Vertical and horizontal rock (mountain) pressure 
External hydrostatic water pressure 

Pressures transmitted from buildings and structures on the external surface 
lying within the area of subsidence 

In addition non-permanent loads such as the weight of vehicles moving in 
the tunnel or on the surface above it. 

(b) Accessory loading-combinations to be superimposed on basic loadings from 
the following non-permanent loads and effects: 
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Temperature effects 

Transient loads during construction (jacking pressure, weight of construc¬ 
tion equipment, grouting pressure on the external face, compressed-air 
pressure, local earth-pressure concentrations during the various stages of 
excavation and filling operations). 

(c) Special loading combinations to be eventually added to items (a) and (b), 
e.g. seismic effects. 

3. Tunnel portals and adits must be dimensioned for rock-pressure (vertical 
and horizontal), for full dead-weight and for eventual seismic effects. 

Permanent loads and effects 

4. The magnitude of mountain (rock) pressure may be computed either on 
the basis of the experimental values gained at similar constructions executed 
under similar circumstances or in compliance with the present prescriptions. 

(4.1.) The uniformly distributed vertical rock pressure prevailing in the most 
common rock materials acting upon separate tubular tunnels of 5-5-6-0 m 
dia. and driven by the shield method, or by some similar method providing 
a continuous and constant support, may be assumed either after the follow¬ 
ing table or after point 5. (It may be noted that a tunnel may be regarded 
as a separate unity when the distance to the adjacent tunnel exceeds: 

(a) In limestone, marl and Upper-Carboniferous and Cambrian clays half 
the diameter. 

(b) In Jurassic and Tertiary clays and in sands the whole diameter.) 

(4.2.) Should this tabulated load exceed the geological pressure, then the effect 

of arching must be considered (see point 5). 


Kind of rock material around the excavation 

Basic value 

Increased value 
(to be used in 
computation) 

Majoration 

factor 


(t/m*) 


Fissured limestone and marl with a cube- 
strength, ( o c — 250-400 kg/cm 2 ) 

6 

10 

1-7 

Strongly fissured limestone or clayey marl 




(cr f = 80-250 kg/cm 2 ) 

9 

14 

1-6 

Clays 

Upper Carboniferous 

13 

20 

1-5 

Cambrian 

16 

24 

1-5 

Chalk 

22 

33 

1-5 

Jurassic 

26 

40 

1-5 

Dense sand, with slight moisture content 

15 

20 

1-3 
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(4.3.) Should the covering thickness of the layer be less than the diameter of 
the tunnel and if it is overlain by less resistant layers, the rock pressure 
must be computed according to the following formula: 


P = Pz~ 


2 ( P z - Po) 
D 


(t/m 2 ). 


where p 0 = the rock pressure relative to the layer surrounding the tunnel 
p. = the rock pressure relative to the weaker layer overlying the 
surrounding layer 

z = the distance between the tunnel crown and the bottom of 
the weaker layer 

D — the diameter of the tunnel. 


(4.4.) For tunnels lying in clay and deeper than 45 m below the surface 
the tabulated values must be majorated by a factor of K — H\ 45, with 
H denoting the depth of cover. 

(4.5.) If the tunnel is lying in a clay layer exposed to the seepage of water, the 
tabulated values are to be increased by 30%. 

(4.6.) Lateral pressures may be derived from the vertical values when multiplied 
by Rankine’s ratio, i.e. 

q = p tan 2 (45° - <t>/2) = p2 a . 


5. For tunnels built under circumstances other than those under point 4.1. 
the determination of rock pressures is to be effected as follows: 


(5.1.) With a cover-depth sufficiently 
pressure will be defined by the 
area enclosed by the arch 
started from the intersection 
points of the rupture-planes 
with the horizontal tangent 
drawn to the crown of the 
tunnel section (Fig. 4/9A). A 
precondition for this is, how¬ 
ever, that the distance be¬ 
tween the vertex of the pres¬ 
sure arch from the bottom 
of the weak layer or from the 
ground surface must not be 
less than the height of the 
pressure arch itself. Should 
this precondition not be ful¬ 
filled, the total value of geo¬ 
static pressure is to be taken 
into account. 


large for the development of arching, rock 



b* 2hUn(45’- <f/2) 


Fig. 4/9A. Assumed load on a circular cavity 
(after Soviet Regulations) 
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(5.2.) The dimensions of the pressure arch may be gained frdm formulae: 

B = b + 2m tan (45° - 0/2) and h = ~- 

where / = the resistance factor of Protodyakonov. 

(5.3.) According to the regulations the rock pressures acting upon the tunnel 
lining both vertical and horizontal are to be assumed as uniformly distri¬ 
buted in the case of arching also with the following values 

p =hy (t/m 2 ) and q = y(h + 0-5 m) X a , 

where y = the dry density of the ground. 

(5.4.) In loose and saturated grounds (quicksand and silt) the acting pressure is 
to be assumed according to the laws of fluid-pressure. 

(5.5.) Majoration factors for permanent loads and effects are to be considered 
for all loading-combinations according to the following table: 


Nature of loading 

Majoration factor 

Vertical rock (when arching action is considered 
pressure Jwhen total geostatic load is considered 

1-5 

l'l and0'9 

Horizontal active pressure 

1-2 and 08 

Water pressure 

l'l and 0'9 


Note: Majoration factors greater or less than unity must be applied always in a sense to increase safety. 


Non-permanent loads and effects 

Loads of vehicles must be assumed always according to the respective regula¬ 
tions. Pressures exerted by hydraulic jacks must be multiplied by a majoration factor 
of 1-3. The effect of temperature difference must be computed also in compliance 
with the respective regulations, but with regard to the isotherms of the tunnel 
site and dimensions and the extent of its exposure to the effect of atmospheric 
and temperature conditions. Seismic effects must be taken into account only with 
tunnels built in regions liable to earthquakes of 7, 8 and 9 Bells intensity. 

Design stipulations 

The dimensioning of masonry walls, portals and any kind of permanent tunnel 
lining must cover the following three items: 

1. Bearing resistance 

2. Deformations and displacements 

3. Check of fissuration-resistance. 
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The check of deformations may be omitted when the rigidity and stability of 
the structures are sufficiently proved either by previous tests or by practical expe¬ 
rience. 

The control of fissuration-resistance must be effected for normal operation con¬ 
ditions and must not exceed for ordinary R.C. structures for maximum basic 
load combinations the 0-2 mm and for additional accessory-loading combinations 
the 0-3 mm value. 

Statical calculation of tunnels must be effected after the methods of elasticity 
with regard to the strength of materials, i.e. to those qualities of the tunnel 
structure proper as well as to the surrounding ground, and also to the specialities 
of the construction methods employed. 

In the case of lining segments built-in under the shield method, stresses may be 
computed on the basis that plastic hinges are brought about possibly in the most 
stressed cross-sections. Shield-driven tunnel linings must be dimensioned with 
regard to the elastic support of the surrounding ground. This elastic support 
should be assumed on those sections of the perimeter where deformation will 
take place towards the ground. 

Tunnels constructed in open cuts must be dimensioned according to the theory 
of elastic subgrades with regard to the effect of lateral ground resistance. 

Young’s modulus ( E ); Poisson’s ratio (ji ) and the elastic subgrade coefficient (C) 
values must be assumed on the basis of investigations of Engineering Geology, 
of laboratory and in situ tests, and of observations and measurements taken on 
similar structures. 


4.2. DESIGN OF HORSESHOE-SHAPED TUNNELS 

With the external loads determined as described in Chapter 3 and Section 4.1, 
the actual design work can be started basically through reiterated investigations 
(successive approximation) as is usual for statically indeterminate structures. 
Empirical dimensions based on existing tunnels are assumed first and then checked 
either by the earlier graphic or by one of the more recent numerical methods. 
The procedure can be greatly expedited by using various design tables developed 
for arches and circular sections. Admittedly, these tables do not consider the 
exact distribution of loads and use either point loads or knife-edge loads or distri¬ 
bute the loads in an easily manipulatable manner. The errors resulting from the 
simplified distributions, however, are much smaller than those involved in the 
computation of rock pressure. 

4.21. DESIGN BY MEMBERS 

Consistent with the classic step-by-step tunnel construction methods (Sections 
62.2 and 62.3) the earlier design methods considered the top, bottom and wall 
sections as separate members subject to inter-reactions ensuring their rigid con- 
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nection. It was not correct, of course, to ignore the deformations and displace¬ 
ments of the above members because the loads from the supported units will 
cause certain displacements which, in turn, will again affect the reactions them¬ 
selves. 

42.11. Graphic Investigation (Kommerell) 

With a set of empirical dimensions established and the rock pressure computed 
either by theory or by specifications the loads and their locations can be deter¬ 
mined as follows (Fig. 4/9B): 



Sliding surfaces are started from the lower corners of the walls at an angle of 
45° -(- cj )/2 extending to the crown and then continuing in a parabola or ellipse 
of height h thus defining the “burden zone”, i.e. the zone to be supported. A dia¬ 
gram can then be constructed for the lateral pressures in the usual manner and the 
arch as well as the wall are separated to form individual members. The loads for 
each element of the arch can be obtained by projecting the limits to the diagrams 

horizontally and vertically. The vertical load is V = ^ + l h y and the hori¬ 


zontal load is H = —^—— /„. In addition to V and H each element also has to 

carry its own weight G; the resultant of the three forces can t>e constructed as 
illustrated in Fig. 4/9b. 
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The above loads can also be determined in a simpler manner, particularly when 
used in analytical calculations (cf. Fig. 4/6). 

Once again the burden zone is constructed first and then the pressure diagrams 
are evened out between the vertical lines representing the tunnel limits. Loads 
should be computed separately for the centre portion and for the two end sections. 
The vertical pressure diagram will thus consist of p x ordinates in the centre and 
the smaller p 2 ordinates at the ends. 

Lateral pressures are to be calculated from p. z . There is no significant difference 
between the two methods; the uncertainties in establishing the depth of the burden 
zone are considerably greater. 

In fact either method may be adopted. 

In rock where there is no lateral pressure, the sliding surfaces at 45° + 0/2 are 
omitted and the burden zone is as wide as the tunnel itself (Fig. 4/6a). The vertical 
loads have to be balanced by bearing pressures under the walls or under the entire 
inverted arch as well. The horizontal loads on the opposite walls are in equilibrium 
in themselves. 

42.111. Absence of lateral pressure. We shall now consider the first case 
where there is no lateral pressure and therefore no need for an inverted arch. 
The problem is one of constructing a thrust polygon under the external loads 
plus the self-weight through the crown and the side walls in such a manner 
that the stresses due to eccentric loads do not exceed the allowable values in 
any cross-section. 

There are four conditions to be satisfied: 

1. The thrust polygon shall be contained within the inner third of any cross- 
section and there shall be no tensile stresses. Both conventional (brick, stone) 
and new (concrete blocks) building materials can withstand considerable compres¬ 
sion and, in fact, a certain amount of tension. However, any such tensile strength 
cannot be relied upon because of the very nature of the interlying mortar. 

2. The maximum compression stress in any cross-section shall not exceed the 
allowable value. While the allowable stress depends on the particular building 
material (stone or concrete) it is not equal to the strength of the latter. The overall 
strength of the wall is once again governed by that of the mortar. 

An allowable Compression stress of a = 20 kg/cm 2 (285 psi) was widely accepted 
in the design of earlier tunnels, but would be considered unreasonably conservative 
today. Stresses as high as 100 kg/cm 2 (1420 psi) and 134 kg/cm" (1900 psi) have 
been measured in the crown and walls of the Gotthard tunnel, respectively, 
without any visible sign of damage to the brick material laid in cement mortar. 
Today, it is customary to allow 40 kg/cm 2 (570 psi) compression in walls of medium' 
quality and 60 kg/cm 2 (850 psi) where better than average quality can be expected. 
(The allowable compression in the Lisbon Subway [brick walls] was 70 kg/cm“ 
[1000 psi].) 

3. The third condition calls for fairly uniform stresses in the various sections. 
This is, of course, generally an ambition of the engineer, serving safety and econo¬ 
mics at the same time. 
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4. As a fourth condition the thrust line must cross the neutral axis at least 
twice for stability considerations (Fig. 4/10 and below). 

Allowable soil bearing pressures may generally be increased by 4 kg/cm 3 (60 psi) 
if an inverted arch is adapted in the design. 

In the first case we have assumed that an inverted arch was not required because 
the tunnel was subject to vertical loads only. 



Fig. 4/10. Conditions 

governing the 
construction 
of a thrust line 


In his method, Kommerell starts out by dividing the crown into elements and 
compiling the loads into a vector diagram (Fig. 4/11). The pole is established 
arbitrarily along the horizontal line preceding the first force (O'). The resultant 
of the external loads can be determined independently of the arch. The thrust 
line can now be constructed so that it passes within the inner third points and 
crosses the neutral axis at least twice. The area between the thrust line and the 
neutral axis represents the moment diagram (Axe) (Fig. 4/10). For best results 
the algebraic sum of the areas of the moment diagram should be zero, as should 
be the moment of those areas about the springing to eliminate displacement at 
the latter. This can only be achieved with moment areas of alternate signs, a con¬ 
dition already mentioned. 

The thrust line can be constructed by trial and error. For a symmetrical section 
subject to symmetrical loads the thrust line is horizontal at the crown. The first 
line of the polygon can thus be drawn tentatively through the outer third point 
at the crown and then extended to intersect the resultant. The closing line is drawn 
through this intersection and through an arbitrary point at the springing. To make 
full use of the designed sections the arbitrary point has to be located again within 
the inner third but on the opposite side of the neutral axis. A line drawn in the 
vector diagram from the end of the last force and parallel to the closing line will 
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Fig. 4/11. Graphic investigation by Kommerell 


establish the proper pole (O) as the point of intersection with the first horizontal 
line. With the thrust thus determined both at the crown ( H) and at the springing 
(R) the thrust line can be completed. Now is the time to check whether the assumed 
polygon lines have been positioned correctly at the crown and at the springing, 
whether the thrust line crosses the neutral axis in at least two locations, whether 
it passes within the inner third of all the cross-sections, whether the stresses are 
reasonably uniform, etc. 
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Discrepancies, if any, can be corrected by shifting the thrust line at the crown 
and at the springing, or - if this is impossible - by changing the shape and/or the 
thickness of the arch. 

The walls will be investigated next. The reactions from the arch will force 
the walls against the natural ground resulting in passive earth pressures behind 
them. 

First the amount of passive earth pressure as well as its distribution and location 
should be computed. The horizontal component can be readily obtained: because 
of the equilibrium of all horizontal loads the horizontal component of the passive 
earth pressure ( E ph ) must be equal to the thrust at the crown (//). As the wall will 
tilt under the abutment pressure the shape of the passive earth pressure diagram 
will be either a triangle or a trapezoid. To determine the line of the resultant one 
has to consider all the forces that are acting on the wall, i.e. the thrust from the 
arch (abutment pressure), passive earth pressure, self-weight and the bearing 
pressures and friction under the wall. In graphical investigations the .latter can be 
ignored, even though the base will obviously have to move horizontally to be 
consistent with the partial distribution that has been assumed for the pa. ive 
earth pressure, and even though a friction force S 2 will necessarily have to develop. 
According to Kommerell, the passive earth pressure will not develop to the full 
depth of the wall but only in the undisturbed area near the springing, as would 
follow from the method of construction. The balance of abutment pressun , 
earth pressure, self-weight and bearing pressures is reflected in the closed polygon 
of forces. The location of the thrust line and of the self-weight has been determined 
earlier. When using elementary strips the resultant of the thrust line, self-weight 
and passive earth pressure shall be carefully controlled so that it stays within 
the inner third at the base as well as half way up the wall where the wall section 
is usually the thinnest (Fig. 4/11). An attempt should be made to keep the resultant 
near the centre of the base to preserve uniform bearing pressures. It is advisable 
to assume an arbitrary location forthe resultant of the bearing pressures and project 
it vertically upwards to intersect the thrust from the arch. Because of equilibrium 
the resultant of the passive earth pressures has to pass through this point as well. 
The passive pressures are generally inclined at </> = 20°-30° to the horizontal 
(reference works recommend the use of tan <j> = 0-3-0-5). An angle of </> can 
be assumed consistent with the type of ground material which will also determine 
the direction of E p at the same time. The diagram for the distribution may be 
taken as a triangle. The dimensions of the diagram (distance xj and the exact 
location of E p can be calculated by equating the tilting of the rigid wall to that 
of the base, as follows: 

The bearing pressures are calculated as if their resultant was in the assumed 
location. Because of the trapezoidal pressure diagram the base will undergo 
a rotation, the angle of which will be in proportion to the ratio of the difference 
of a k and a b over the width of the base. Assuming definite proportions between 
the passive earth pressure and the horizontal displacement of the wall, a similar 
ratio can be developed regarding the passive earth pressure diagram. The angle 
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of rotation should be the same for the base and for the wall because of the rigid 
connection. Thus 



a k ~ a b °P 

but 

<V 3 * _ V 

— ^ph 



b 3x 


and hence 

II 

1 ^ 




substituting 

2 Eph Gk Gb 

9x 2 ' b 

and 

_ f2E ph r* 

X 3 V <r k - <J b 


or in centimetres 

2Eph °k Gb 

and 

x _± 

(4.12) 

900? ~ b 

■ 30 V - <y b 

(In the above formulae all quantities 

are in centimetres; division by 

100 refers 


to a strip of wall 1 m wide.) 

Figure 4/11 shows that the passive earth pressure diagram can now be completed 
and with the location of E p known, the resultant of the bearing pressures and of 
the horizontal loads can be located. Finally the polygon of lorces can be completed 
and the funicular polygon can be constructed. 

In the next step the sections should be checked for stresses. 

Tunnel sections constructed of brick, concrete or stone blocks are very often 
designed by the above graphic procedure. It must be borne in mind, however, 
that £ and x have been determined arbitrarily, because 3x < h implies that 
point A is the centre of rotation and point O has to move inward (Fig. 4/12). 
This movement, on the other hand, will certainly develop a friction force S 2 
which should then be taken into account in the balance ot the horizontal forces. 
In practical cases, however, there is sufficient friction to keep point Oin a fixed 

position (Rozanov) and thus 3x = h, but S 2 = — a P h — H which should be less 

than the available maximum of W tan </>. a r can be computed directly from moment 
considerations with reference to point O : 


^ = Rr + Wt w , 

3 (Rr + Wt») 

and hence a p =-p-• 


(4.13) 


Actually the value of S., could now be determined. There is this inconsistency, 
however, that the base would have to move over to mobilize friction, in which 
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design of tunnel sections 



Fig. 4/12. Graphic investigation considering the horizontal displacement of the base 


case the passive earth resistance would not develop behind the full height of the 
wall ( h ) but to a height of 3x only. For a base movement of A we have 

. a„ h - 3x 

A = ——. -_ 


where C = the coefficient of subgrade reaction. 

g h 

Hence x may be expressed as x — —— — . The movement A is limited to 

3{a p +CA) 

1—2 cm (3/8 —3/4 ) (this being the upper limit required to develop the maximum 
friction of tan </>, the value of which has to be determined by a shear test) and so 
a passive earth pressure distribution over less than the full depth h is justified 
only for large values of C. The construction in Fig. 4/12 illustrates a case in which 
both S 2 and E p have been considered. Assuming A = 0-3 mm (1/8") and C = 20 
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kg/cm 2 (284 psi), for the given h = 4-97 m (16' 3 5/8") the results would be a — 
= 23-4 t/m 2 (4-79 lb/ft 2 ) and x = 1-32 m (4'4"). 

42.112. Lateral pressures present. In the second case the tunnel is subject to 
lateral pressures, and an inverted arch is required. To investigate this problem 
the simplest method is, once again, a graphic one. 

Tunnels passing through loose and soft materials are subject to vertical as well 
as to lateral loads. Because the computation of forces and their locations have 
been discussed earlief, we proceed directly to the investigation of the wall. 

Fig. 4/13 shows a tunnel section with empirically established dimensions. 

The investigation should be started with the arch at the top. The resultants 
of the forces on the segments are no longer vertical. The resultant of the forces 
on the arch is determined first (see the polygon above the arch line). The thrust 
line is constructed next; in Fig. 4/13 it passes through the outer third point of 
the crown and through the inner third point at the springing. A horizontal line 
through the upper third point of the crown is extended to intersect the resultant 



Fig. 4/13. Graphic investigation considering active lateral pressures 


19 Szichy: The # Art of Tunnelling 
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(the line is horizontal under symmetrical loads only) and this point is connected 
with the inner third point at the springing. A line parallel to this and starting from 
the end of the resultant in the force polygon will'yield the values for the thrust 
at the crown ( H ) and at the springing (V). With the pole thus determined the 
thrust line can be completed for the entire arch, checked'for the conditions dis¬ 
cussed earlier, and adjusted if necessary. This procedure should be repeated until 
all the conditions have been satisfied. 

If the arch is found to be satisfactory, the thrust line is extended through the 
walls down to the base. The three forces to be balanced are the reaction under 
the base ( W ), the reaction under the inverted arch ( T ) and the thrust in the bottom 
arch (H a ). The bearing pressures under the wall base and under the inverted arch 
are assumed to be distributed uniformly. To obtain the location and the direction 
of the thrust, the last line of the thrust polygon is extended to intersect the vertical 
resultant of the bearing pressures under the wall base which is assumed to act 
near the centre. This point (a) connected with the intersection of th^ resultant 
of the bearing pressures under the inverted arch and of the horizontal thrust 
passing within the inner third of the lowest section ( b ) defines the direction of the 
thrust between the wall base and the inverted arch; the force itself can be scaled 
on the parallel line in the force diagram {V'). This line also establishes the vertical 
reactions; the lower being the reaction under the wall ( W ) and the upper being 
that under the inverted arch (7). The thrust line can then be refined considering 
the distribution of the bearing pressures under the inverted arch as well. 

Because of the favourable effect of lateral pressures on the thrust line it should 
be carefully considered whether in an actual case an active lateral pressu/e will 
materialize and its value should be kept to a minimum in doubtful cases. (In other 
words the angle of repose shall be taken at its maximum and the cohesion shall 
also be included in the calculations). 

The passive earth pressure may be considered only on the following conditions: 

Owing to the trapezoidal distribution of bearing pressures under the wall the 
latter will tilt and thus mobilize the passive earth pressure with an assumed trian¬ 
gular distribution extending over its entire height. Corner O can be assumed as 
fixed. If E a is insufficient to balance H f and H a , the passive resistance can be cal¬ 
culated as 


AE„ = H f + H a — E a , 


i.e. as required for the equilibrium. This, on the other hand, must be accompanied 
by a displacement y at the springing. The arch at the top will have to be checked 

for this displacement y (C being the coefficient of subgrade reaction), the 

effect of which shall be treated as discussed in Section 42.122. The method of 
keeping the thrust line within the inner third using the passive earth pressure can 
be seen readily in Fig. 4/13. 
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There is always an interaction between the arch at the top and the wall.supports 
and this should be taken into consideration even when treating the arch and the 
walls as separate members. 


42.12. Analytical Design by Members 

An investigation by calculation rather than graphical construction is not only 
more accurate but it also enables the designer to consider other effects within 
certain limits. Such a method will be illustrated here for horseshoe sections that 
are closed all around, i.e. those that are subject to active lateral pressures and have 
an inverted arch. 

42.121. Analysis for horseshoe sections. In this analysis both arches (top and 
bottom) are considered fixed at both ends; the walls are regarded as completely 
rigid and are assumed to be supported elastically by the ground in a horizontal 
and vertical direction. The external loads consist of the self-weight, vertical and 
horizontal earth pressure and the reactions such as the bearing pressures under 
the base, the passive earth pressure behind the walls and horizontal and vertical 
forces of friction. 

Both methods described below are based on the equilibrium of forces interacting 
between members designed as separate units. 

In the simpler method all end supports are assumed either to stay in place or 
not to affect the reactions by any displacements. This assumption is rather arbitrary 
and can be accepted only if the conditions warrant it (e.g. heavy sections sur¬ 
rounded by rock). If the relative displacements at the springings cannot be neglected, 
then the effects of the support movements have to be included in the arch design. 

This method, of course, is much simpler than to design the entire section as 
a continuum and will be sufficiently accurate in ground that is capable of develop¬ 
ing considerable support. 

A member-by-member design is justified also because all three members are 
constructed separately and are divided by construction joints anyway. 

This method should be used only in the design of structures with rigid and 
heavy walls. 

Details of the design of each member are given below: 

1. The arch at the top is assumed to have fixed ends and the combined load of 
its self-weight plus earth pressure is assumed to be distributed in a uniform manner 


Q + Q 0 +AG 


where Q = the self-weight of the arch 
Q 0 — the uniform rock-load 
AG= the variable rock-load (Fig. 4/14). 


J9* 
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The arch represents a statically three times indeterminate structure, the redun- 
dants of which can be determined as known from the theory of structures. 4,2 
By replacing the rigid support at one of the fixed ends by a moment (A\), a hori¬ 
zontal force (T^) and a vertical force (X 3 ) the structure is transformed into a can¬ 
tilever i.e. into a statically determinate structure (Fig. 4/15). The three redundants 



Fig. 4/15. Statically determinate 
structure equivalent 
to the hingeless arch 


have to be determined in such a manner that the resulting relative displacements 
and rotation shall be zero at the released end. Here are the three equations of 
redundancy: 

11-^1 + a 12^2 + fl 13^3 + a 10 = 0 , 

a 21^1 + 0 22 X 2 -|- 0 2 3^3 + a 20 = 0, (4.14) 

a 3i^i + o 22 X 2 4- 033X3 + a 30 = 0, 


II ;;r ANYI ’ 1 Tart ° k s> “tikaja (Theory of structures). Tankonyvkiado, Budapest 1957 

Gartner: Statically Indeterminate Structures. Concrete Publications Ltd., London 1958 
Beyer, K.: Die Statik im Eisenbetonbau I. Springer, Berlin 1930 
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where a n , a 12 and a 13 represent the rotational, horizontal and vertical displace¬ 
ments, respectively, at the released end, due to a unit moment. Similarly a 21 , 
a 22 and a 23 denote displacements due to the unit horizontal load and a 3l , 
a 32 and a 33 denote the respective displacements due to the unit vertical load. 
Finally a 10 , and a 20 denote the rotational, horizontal and vertical displace¬ 
ments, respectively, at the released end due to the external loads. The three 
equations are, in fact, a mathematical expression of the fact that the released end 
will not move or rotate in any way under the combined action of the redundant 
forces and the external loads. In other words, the redundants X lf X 2 and X 3 
will cause the cantilever to act exactly as the indeterminate structure. 

Transferring the redundants X lt X 2 and X 3 to the elastic centre of the arch 
(point <t) will make the calculations considerably simpler as each redundant will 
cause only one movement and that in its own direction, i.e. the moment will 
produce rotation only, the horizontal redundant force will produce a horizontal 
displacement and, finally, the vertical redundant force will produce a vertical 
displacement only. 

(For arches with a constant moment of inertia the elastic centre is identical 
with the centre of gravity of the neutral axis; for arches with a variable moment 

As . . 

of inertia the elastic centre becomes the centre of gravity of the — quantities). 


Or, if t,• = — , the elastic centre can be determined as the centre of gravity of the 
Jo 

—- quantities, where denotes an arbitrarily chosen (constant) moment of 

T/ 

inertia. 


Jo = 



(4.15) 


With the redundants acting in the elastic centre the equations of redundancy 
will reduce to the simple form of 


^i a n + floi — 0, 

X 2 a 22 + a 0 2 = 0, (4.16 

-^ 3 a 33 + °03 = 0 - 

i 

Here we have assumed that the elastic centre is rigidly connected to the released 
end and each redundant, acting at the elastic centre, will cause it to move in its 
own direction only (Fig. 4/15). This thesis can be proved mathematically. 

While the factors a ok denote the relative displacements of the elastic centre 
under the external loads, i.e. the rotation (a 01 ) the horizontal displacement (a 02 ) 
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an “ the vertical deflection (a 03 ), the other factors with the double suffix: a n , a 2 ., 
and a 33 denote the corresponding movements due to X x = 1 tm, X., = 1 ton 
and X 3 = 1 ton, respectively. 

Factors a ok and a kk can be calculated from the equations of virtual work as 
follows: 


v r M 0 m k r N 0 n k J 

a ° k ~ ^ J ~eT dS + ^ I ~fi~ ds > (417) 

= (4.18) 

where M 0 and N 0 = the moment and the axial component of the external load, 
respectively 

m k and n k — the moments and axial loads due to the unit loads X k = 1, 
all of which are considered as acting on the equivalent 
determinate structure. 


The second member in each formula considers the effect of the axial loads and 
can usually be neglected as insignificant compared with the first member. 

The moment diagrams M 0 , m u m., and m 3 are to be established first and the a 
factors then calculated as their product. 

Fig. 4/16 illustrates the moment diagrams in question. The arch is to be divided 
into n segments and the moments calculated at the dividing points. 

From the moment diagrams the a factors can be calculated as 


v 12 , 1 " As, 

°n = I ~~ pT ~ As i = X — !L , 

1 EJj EJ 0 j jj 

n _ £ yf A 1 " as, , 
a ‘ i - ~X~ft As ' = X — yf » 


r EJt 
/ 


2 - * 


EJ, 


1 A 4S ; I l 


v a5 t 1 r 

x—' y-*/. 

0 1 T f 4 J 


For uniformly distributed vertical loads ( p ) 


(4.19) 


a = _ v A P ^ 4s, „ 

01 ? 2 EJ, $i 2EJ 0 ? Ti ( A ' ) ' ’ 

a P(l ~ x '^y‘ Av _ P v As < n 

02 , 2 ej ds ‘ ''f r r y> * 

1 i *-EJ 0 1 Tj 


(4.20) 


where a 03 — zero if the arch and the loads are symmetrical. 
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Moment diagram due to uniformly distributed loads 



Moment diagram due to • 7 (m t ) 


b) 



m t -1 - 


Fig. 4/16. Moment 
diagrams 
of the arch 
released at 
one end 


Moment diagram due to x 2 * 1 fm 2 ) 






From the above X x and X 2 can be calculated. If the structure and the loads 
are symmetrical about the vertical centre line, X% will be zero and 



X 2 =- 


°02 

°22 


(4.21) 
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The moment and the axial load at any point of the statically indeterminate 
structure is calculated from 

M = M 0 + X 1 m l + X 2 m 2 = M 0 + X V1 + Z^,, (4.22) 

N = N 0 + X^x + X 2 n 2 = N 0 4- Z^O + X 2 cos 

where M 0 and N 0 = the moment and the axial load on the cantilever, respec¬ 
tively. 

For a circular arch with a constant 
moment of inertia the bending mo¬ 
ments and the axial loads can be ex¬ 
pressed in the form of closed formu¬ 
lae. A derivation for uniformly distri¬ 
buted loads is given below. In this 
particular case where the structure 
and the loads are symmetrical about 
the vertical centre line the structure is 
split through the centre (Fig. ’4/17) 
and thus becomes a pair of identical 
and statically determinate carfflevers. 
This will greatly simplify th alcula- 
tions. 

In computing the relative displace¬ 
ments the only effect considered will 
be that due to the bending moments; 
both axial load and shear will be 
neglected. 

The location of the elastic centre is 
2 j ds.r (1 - cos <j>) J7 2 (1 - cos <j>) d</> 

v = _!__ « 

• 0 *o iT ’ 

2 f d.r JVd 0 

o o 

(4.23) 

_ >- 2 (</>„ — sin <t> 0 ) r(<f > 0 — sin 0 O ) 

Ffl-—T-- = -;- . 

r<Po <t>o 

In the next step the moments on the two cantilevers are computed, due to the external 
loads and then due to Z 1 =l tm (ftk) and X.,=l ton (kip). According to Fig. 4/18 the moment 
due to the external loads is 

A/f _ px- pr 2 sin 2 </> 

° 2 -- 2 - 

The moment due to X l = 1 tm (ftk) is constant throughout 

m, = 1 tm (ftk) 

and the moment due to X 2 = lton (kip) is 

= —y 0 + r (1 — cos </>). 
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With the moments determined the relative displacements of the elastic centre can be calculat¬ 
ed. Since the moment of inertia is constant, all displacements may be multiplied (magnified) 
by EL 


a[j = £ | m\ dr = 2 j r dtj> = 2r 0 O . 

o 

aj 2 = £ | m\ ds = 2 J [- y 0 + r (1 - cos 0)] 2 r d0 = 2r | [yl - 2ry 0 (1 - cos 0) + 
o o 

+ r- (1 - cos <p)-] d<f> = 2r [yl 4>o - 2ry 0 0 O + 2ry 0 sin <f> 0 + r- 0 O — 2r 2 sin 0 O + 


(4.24) 


+ r 


+ 2 


2 sin 20 O + 0 o /2 

(0o — sin <t>o) sin 0 O 


= 2r 3 


(0o — sin0 o ) 2 


<t> 0 


2 (0o — sin 0 O ) + 


00 


+ 00 — 2 sin 00 + — sin 2 <f> + — 




2 sin 2 0o , 1 , 

-7-b sin 20o > 

0o 2 


(4.25) 


= r 3 [0o — 

» 01 = £ J"Af 0 = -2 j" Pr ^ * rd<t> = - pr 3 |-y- - sin 20 „| ( 4 . 26 ) 

0 

*0 

[— 7-0 + r (1 — cos 0) r d0] = -pr 3 j [(r — 


pr 2 sin 2 0 


= ~ 2 j 

o 

—sin 2 $ — r sin 2 $ cos = — pr 3 1 is — v,) | - — sin hji, + — 

-*[! 

'. 'I 


sin 3 0o 


= —pr' sin 0o — 


1 . , ,, <t>o sin 3 

- — sm 20o + —- - 

4 2 3 


0 o 

1 sin 20o , 1 sin 2 <j> 0 | 
4 0o 


fl oi 


pr 


*--■3*— + ^ i- 


1 sin 20o 

2"^T~ 


Jfj, = — = 4- pr sin 

fl 2J 


1 sin 20„ ( 1 sin 2 0 O 

T 0o + ~2 ~ 3 

2 sin 2 0o 1 ... 

--—- + — sin 20o 

0 o 2 


(4.27) 

(4.28) 

(4.29) 


The moment and axial load for any section of the statically indeterminate arch is 


M = M 0 4- X t 4- trip X t — M 0 4- l'Xi 4- X 2 y, 
N = A'o + X t = n 2 A" 2 = A r 0 4- 0 4- X 2 cos 0. 


(4.30) 
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The maximum moment at the springing is 
pr 2 sin 2 <t>o 

A^max =- 2 -^ + ( — + r — r cos <t> 0 ) 0*56/?r = 0T067/?r 2 . (4.32) 

These formulae have been developed into convenient tables for the design of 
the Budapest Subway. The factors in the tables can be applied directly in the cal¬ 
culation of moments and axial loads at the critical cross-sections under uniformly 
distributed vertical loads 


M = y-M pl 2 , 

H = <x„pt. 




±1 


and under uniformly distri¬ 
buted horizontal loads 


M = P M el 
H = Ph el- 


r2 

; ’ j (4.3 


\ J 


(f 0 -!arc tan— 


Fig. 4/19. Notations for the circular arch 


The notations are illustrated in Figs 4/19 and 4/20. Numerical values for and 
i H are listed in Table 4/1 for cross-sections at the springing (1), quarter point (2) 
and crown (3). 

With the moments and axial loads determined, the stresses due to the eccentric 
load can be calculated from 

N M 

ai *~~A ± ~K' 



Fig. 4/20. Tabulated data 

of the circular arch 



Coefficients for Circular Arch Design Table 4/1 





Moments at 



Thrust at 

springing 

Radius (r) 

l 

\ 

Central 

angle 

< t > 0 ** 

Rise to 
span ratio 

/// 

X pi ' 

X 

pi 

Springing (1) 

Quarter 
point (2) 

Crown (3) 

a M 

^ M 

a M 

*M 

^ M 




0-10 

+ 000120 

— 0-00120 

— 0-00042 

+ 0-00040 

— 0-00040 

1-2750 

0-0750 

1-3011 

22 ° 36 ' 

0 - l £ 

+ 0 00167 

— 0-00167 

— 0-00047 

+ 0-00058 

— 0-00058 

1-0390 

0-0574 

1-1013 

27 ° 00 ' 

0-14 

+ 0-00224 

— 0-00224 

— 0-00066 

+ 0-00080 

— 0-00080 

0-9045 

0-0816 

0-9615 

31 ° 20 ' 

0-16 

+ 0-00292 

— 0-00292 

— 0-00087 

+ 0-00110 

— 0-00110 

0-7950 

0-0938 

0-8610 

35 ° 30 ' 

0-18 

+ 0-00366 

— 0-00366 

— 0-00111 

+ 0-00140 

— 0-00140 

0-7075 

0-1031 

0-7844 

39 ° 36 ' 

0-20 

+ 0-00452 

— 0-00452 

— 0-00138 

+ 0-00176 

— 0-00176 

0-6335 

0-1085 

0-7256 

43 ° 36 ' 

0-22 

+ 0-00550 

— 0-00550 

— 0-00168 

+ 0-00214 

— 0-00214 

0-5800 

0-1218 

0-6781 

47 ° 30 ' 

0-24 

+ 0-00653 

— 0-00653 

— 0 j 00200 

+ 0-00256 

— 0-00256 

0-5355 

0-1341 

0-6410 

51 ° 16 ' 

0-26 

- t - 0-00765 

— 0-00765 

— 0-00239 

+ 0-00300 

— 0-00300 

0-4995 

0-1487 

0-6109 

54 ° 56 ' 

0-28 

+ 0-00885 

— 0-00885 

— 0-00280 

+ 0-00346 

— 0-00346 

0-4685 

0-1621 

0-5864 

58 ° 30 ' 

0-30 

+ 0-01010 

— 0-01010 

— 0-00324 

+ 0-00400 

— 0-00400 

0-4415 

0.1749 

0-5666 

61 ° 56 ' 

0-32 

+ 0-01145 

— 0-01145 

— 0-00372 

+ 0-00458 

— 0-00458 

0-4135 

0-1829 

0-5507 

65 ’ 14 ' 

0-34 

+ 0-01285 

— 0-01285 

— 0-00424 

+ 0-00520 

— 0-00520 

0-3920 

0-1944 

0-5376 

68 ° 26 ' 

0-36 

+ 0-01434 

— 0-01434 

— 0-00479 

+ 0-00585 

— 0-00585 

0-3725 

0-2053 

0-5274 

71 ° 27 ' 

0-38 

+ 0-01589 

— 0-01589 

— 0-00540 

+ 0-00648 

— 0-00648 

0-3540 

0-2151 

0-5190 

74 ” 28 ' 

0-40 

+ 0-01748 

— 0-01748 

— 0-00603 

+ 0-00721 

— 0-00721 

0-3385 

0-2260 

0-5125 

77 ” 19 ' 

0-42 

+ 0-01920 

— 0-01920 

— 0-00672 

+ 0-00797 

— 0-00797 

0-3247 

0-2371 

0-5076 

80 04 ' 

0-44 

+ 0-02105 

— 0-02105 

— 0-00744 

+ 0-00881 

— 0-00881 

0-3120 

0-2479 

0-5041 

82 42 ' 

0-46 

+ 0-02296 

— 0-02296 

— 0-00821 

+ 0-00971 

— 0-00971 

0-3000 

0-2583 

0-5017 

85 ° 14 

0-48 

+ 0-02478 

— 0-02478 

— 0-00902 

+ 0-01064 

— 0-01064 

0-2895 

0-2690 

0-5004 

87 1 40 ' 

0-50 

+ 0-02668 

— 0-02668 

— 0-00987 

+ 0-01161 

— 0-01161 

0-2801 

0-2801 

0-5000 

90 ° 00 ' 


Pm ~ " 

a M 


Pm — " 

— «A 4 

1 

Ph = y cot <t> — a H 

i 

1 
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and the cross-sections can be designed accordingly. Should the initially assumed 
cross-sections prove to be inadequate then the calculations have to be repeated 
because of the effect of the change in J(_K ) and A on the deflections and on the 
reactions. 


2. A similar procedure has to be followed in 
the design of the inverted arch. The external 
loads have to be estimated with due considera¬ 
tion to construction procedures. In most cases 
the arch at the top and the walls are constructed 
first and so their self-weight is transferred to 
the ground at the wall base. 

In the design of the inverted arch the bearing 
pressures have to be calculated from the self¬ 
weight and from the earth pressure, whether to¬ 
tal or partial. These pressures have then to be 
reduced by the friction behind the walls (Fig. 
4/21) 

S = E p — h - 1 2 ] tan </>. 

, 2 / 

The vertical pressure on the inverted arch is 
AG + 2P + 2 Qr -2 S\L k 

L . 47 ’ 

where a denotes that fraction of the pressure that 
will develop only after the inverted arch has been 
completed (40-50% in plastic soils). 

Moments and axial loads can be calculated 




Fig. 4/21. Loads 

on the inverted arch 


similarly to those of the arch at the top. 

3. Design of the walls. Once again the external loads have to be determined 
first. In addition to the reactions from the upper arch (Vf, Hf, M f ) and from the 
inverted arch (V a , H a , M a ), all of which have been obtained previously, the walls 
are also subject to direct pressure at their top (/*), to their self-weight (6) and 
to the active earth pressure ( E a ). 

The resulting reactions will develop below the wall base (fV) and behind the 
vertical face of the wall. Owing to the friction between the wall and the ground 
the bearing pressures along the plane of contact will have perpendicular as well 
as tangential components. The friction forces can be calculated as the product 
of the perpendicular pressures and the coefficient of friction (tan <fi). 

Thus, the friction under the wall is 


S 2 = W tan </>, 


where W = the ground reaction under the wall. 
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The friction behind the wall (vertical face) is 

s = tan + E P ), 

where E p = the horizontal component of the passive earth pressure. 
Finally, the friction along the top of the wall is 


Si — P tan </>. 

As mentioned earlier, the above methods of calculating the friction forces S 
and S, are not accurate because they result in maximum values which cannot 
develop without a certain displacement (a) taking place. In fact the amount of 
friction will be limited to that actually required for the equilibrium and that 
which is proportional to the displacement of the surface in question. Such displace¬ 
ments can be calculated with the coefficient of subgrade reaction. The displace¬ 
ments required to mobilize friction forces 5,, 5 and S.„ are 



(In our case, illustrated in Fig. 4/22, tan <f> can be taken at its maximum value 
as even the full S 2 force has failed to balance the horizontal forces and an addi¬ 
tional passive earth pressure (e p2 ) was required to develop in the plane of point O .) 
In the calculation of the friction forces the respective coefficients of friction are 

(5i p 

/i = tan</> — = tan 6 —^ , 


f . , s w 

J = tan (f> — = tan 6 —-, 

a bCa 
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Fig. 4/23. Relationship between the mobilized friction and displacement 


than 1 cm (1/2 in). Whenever the displacements exceed this limit, the friction 
can be taken at its maximum value (tan </>). 

The unknown quantities to be determined are the passive earth pressure ( E p ), 
the ground reaction under the wall (W) and the respective lines of action, i.e. 
distances t p and t w . Assuming that both passive earth pressure and ground reaction 
are distributed linearly and in a compatible manner, the four unknowns can be 
determined from the three equations of equilibrium plus a fourth one referring 
to the rotation of a rigid body on an elastic subgrade. 
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Because all forces on the wall will have to be in equilibrium, the sum of the 
horizontal and vertical components has to be zero as has the sum of the moments 
about any point, for example point O (Fig. 4/22). 

L P+V f +G-(E p + E a )f-W-V a = 0. (4.35a) 

From the above equation W can be calculated. 

2 - p fi ~ H f + E p + E a + W 2 - H a = 0 (4.35b) 

can be solved for E p . 

3. The moments about point O are also equal to zero 

P Y+ V f v f~ H fh f ~ M f +M a - H a h a -V a v a + Gt g - Wt„ + 

„ + E a ta + Ep tp +fi Ph = 0 . (4.35c) 

This equation contains the two further unknowns, t p and t w . 

4. The fourth equation is based on the elastic subgrade and on the proportions 
between bearing pressures and penetrations. Because the wall is assumed to be 
infinitely rigid, the back face will remain a straight plane and will generate linearly 
distributed bearing pressures accordingly. From the above assumptions it also 
follows that vertical and horizontal faces will remain perpendicular to each other 
and so the lines of pressure distributions will be at right angles as well. These 
proportions can be expressed as 





therefore 



(4.3 5d) 


The relations between w a , w p , e pl , e p2 and t p , t„ are given by 

t _ h 2e pl + e p 2 
P 3 e^ + ep, ’ 

b 2w a + w b 
3 w a + w b 


(4.36) 
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Consider two more relations: 


H a + w b 
2 

e P i + e p2 
2 


b = W, 
h = E p . 


(4.37) 


Both w b and e pX can be expressed from Eq. 4.37 and then written into Eq. 4.36. 
This will result in expressions for t p and t„ which can be substituted into Eq. 4.35c. 
The latter combined with Eq. 4.35d can be solved for w a and e p2 . Finally w b 
and e pl can now be calculated. 

This concludes the determination of the external loads and brings us to the 
construction of the thrust line and to the investigation of stresses in the character¬ 
istic cross-sections. These include the spring lines at top and bottom and the 
section half way in between. The thrust line has to stay within the inner third of 
each cross-section and the maximum stresses shall not exceed the allowable ones. 
From the point of view of mechanics the use of walls with straight interior and 
exterior faces is not recommended because they do not follow the thrust line and 
result in awkward construction joints at the base. 

42.122. The effects of relative displacements. In the above analysis the inter¬ 
action between the members due to relative displacements has not been considered. 
Of all the members, the arch at the top is the most sensitive to horizontal displace¬ 
ments of the walls which, in turn, are the results of the reactions of the arch 
itself. The horizontal displacements, added to the a 0 factors, will increase the 
redundants X x , X 2 , X 3 and 
the loads on the arch in gen¬ 
eral and may result in con¬ 
siderable overstresses. It is 
customary to assume that an 
arch constructed of brick, 
concrete or stone will crack 
under the increased moments 
and will work as a three- 
hinged arch from then on. For 
this reason arches supported 
on walls subject to displace¬ 
ments should be designed also 
for a condition with three ec¬ 



centric hinges, two of which 
are located inside (at the 
springings) and one outside 
(at the crown) (Fig. 4/24). The 


Fig. 4/24. Assumed behaviour of 

tunnel section (as three-hinged 
arch) after displacement of the 
walls 


20 Sz6chy: The Art of Tunnelling 
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development of these “emergency hinges” will necessarily have to be accompanied 
by local crushing of the wall material, resulting in damage to the waterproofing 
and in potential trouble spots. 

Once the reaction at the springing is known, the displacement of the wall (A) 
can be calculated according to Winkler as p=Cy. With the passive earth pressure 
and its distribution length determined (graphically or analytically), the displace¬ 
ment is calculated as (A) = where e pl is the ordinate of the passive earth 
pressure diagram at the springing. 


Similarly the slope at the springing is (k) = —^ g/>2 (Fig. 4/22). Before 

substituting the displacements into the equations of redundancy they should be 

El 

multiplied by n = - -^ where 

c ^ arK * ^ denote the modulus of 

/■/ \f n. elasticity and the Poisson ratio 

/ / /S \ of the particular construction 

— ^-material, respectively (for con- 

Crete p =0-18) and I is the aver- 
p age moment of inertia of the 

_ | arch. 

For a circular arch of constant 
Fig. 4/25. The effect on the arch of horizontal moment of inertia and subject 

displacements of lateral support to uniformly distributed loads 

the equations of redundancy, 
also including the effects of dis¬ 
placements and rotations, can be written as (see also Eqs 4.26, 4.27 and Fig. 4/25) 


Fig. 4/25. The effect on the arch of horizontal 
displacements of lateral support 


r 3 l 1 


M + M <T = M'=— a ° 1 + K 


-pr -- - sin 2(f> 0 + n (k) 


x: = // + H„ = H = — Q(a + K ^ Jo) _ — = 


(4.38) 


- Pr' sin (|-1 ) + „(«) ( 

1 (po 2 ) 
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i.e. 


x: = h' = 


— pr 4 sin0 o 

f 1 1 sin 20 o sin 2 

’ 0o 1 

[2 4 <p 0 3 ) 

r 3 

jtf>o ~ 

2 sin 2 1 . ^ 

+ sin 2</>o 
0o 2 



+ 


EJ e Pi ~ e ,i 

r(0 o - sin0 o ) 

£2 

1 - p l Ch 

r 0 o J 

1 - p 1 c 

r 3 

2 sin 2 0o , 1 • - , 
0o , + sin20 o 

0o 2 



(4.39) 


The increases due to the displacements become higher as the coefficient of 
subgrade reaction (C) becomes smaller. Arches are as a rule very sensitive to 
horizontal displacement of the springings. 

It should be noted that very thick arches and very low coefficients of sub¬ 
grade reaction (C = 1-0—3-0 kg/cm 3 ) may yield excessive values for M a and H„, 
which cannot be taken by the arch. It is in these instances that the arch may be 
assumed to crack and transform into a three-hinged arch which is indifferent to 
any further displacements. This, of course, can only be assumed if the formation 
of cracks can be tolerated, i.e. if watertightness is not a requirement (see earlier). 

In general, arches are also sensitive to vertical displacements but to a lesser 
extent. Differential settlement of the walls, resulting in additional slope at the 
springings, is not particularly common. If necessary, it can be taken into account 
similarly to the above. 

Assuming that there is sufficient friction to prevent any displacement (i.e. 
e p i = 0), only the rotation at the springings need be considered in the investi¬ 
gation of the inverted arch. Even if this were not the case, e p2 would be con¬ 
siderably less than e pl and thus have a lesser effect on the inverted arch. 

Any rotation k will result in an additional moment XL = and in an 

fl?1 

additional horizontal thrust XL = both of which have to be 

a ? 2 

deduced from the original moment and thrust, respectively. 

42.123. Example. The use of the analytical method will be illustrated in an actual example 
of segment design, shown in Figs 4/26a-d. 

(a) Investigation of the arch at the top. The vertical loads on the arch consist of a uniformly 
distributed pressure (geostatic load), a triangular load G, in the corners and the self-weight 
of the arch (Q). For a cover of 27-6 m (90 ft) these loads are as follows: 


9o = Kyi = 27-6 m x 20 t/m 3 = 55-2 t/m 2 (11-3 k/ft 2 ) 


„ f k 4 2-925 x 10-30 

G 0 = -~y x = --2 0 = 20 4 t/m (13 7 k/ft) 


20* 
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Fig. 4/26. Numerical example for the analytical design of the roof arch and of the invert arch 
of a shield chamber 


Q = yt,~-2rx = 2-3 ~ 5-35 X In = 31-0 t/m (20-8 k/ft). 

2-t 360 

Assuming that the entire vertical load is uniformly distributed over the span of the neutral 
axis 


l k 0 u +Q+G o 10-3X 55-2 + 31-0 + 20-4 


/„ 


9-27 


= 67-0 t/m (45-0 k/ft). 


The horizontal load can be calculated from the vertical load with the Rankine ratio. To 
be on the safe side, the cohesion will be taken at half value: If 0 = 17° and c = 28 t/m ; 
(5-73 k/ft 2 ) then 

e 0 = 9o K - c = 55 2 X 0 5475 - 28'0 X 0 74 = 9 5 t/m 2 (1.95 k/ft-) 

= 61-1 x 0-5475 - 28-0 X 0 74 - 12-7 t/m- (2-60 k/ft 2 ) 


where 


= tan 2 (45° - 0/2). 
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In the next approximation the trapezoidal stress diagram must be evened out and thus 
e 0 + e x 9-5 + 127 


e 2 2 
or, when projected to the extrados 

2-975 
P "~ e 2 675 


= 11 1 t/m 2 (2-27 k/sft) 


= 12-3 t/m (8-27 k/ft). 


The thrust at the springing is calculated from Table 4/1. For 

/// = = 0-287 

9-27 

= 000939, = 0-4562, -000888 and = —01588 


olid the thrust and moment at the springing (due to ver tical loads) 


A/ v = %/>, / 2 = 0-00939 X 67 0 X 9‘27 2 = 540 tm (391 ftk), 
= *hPJ = 0 4562 X 67-0 x 9-27 = 238-0 t (524 7 kips). 
The vertical reaction is 


K 


Pj_ 

2 


67-0 X 9-27 
2 


= 310 0 t (683-4 kips). 


N v = V^ 2 + K = 420 t (925-9 kips). 

The thrust and moment at the springing (due to horizontal loads) 

M„ = P M p H l 2 = -0 00888 x 12 3 X 9'27 2 = -9 4 tm (-68 0 ftk), 
Hh = = -0-01588 X, 12;3 X 9'27 = -18 2 t (-40T k). 


The reaction due to combined horizontal and vertical loads is then 

M, — M v + M h = 54-0 - 9-4 = 44 6 tm (322-6 ftk), 

H, = Hy + H„ = 283 0 - 18-2 = 264 8 t (583 8 k), 

V,= V y + V„ = 310-0 - 0 = 3100 t (683-4 k). 

The stresses are investigated only at the springing and at the crown, and the relief offered 
by the horizontal load is neglected, which is another assumption on the safe side. 
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The cross-sectional area of the arch (considering a strip of unit width) is 
A = 100X 120 = 12 000 cm 2 (1860 In 2 ) 
and the section modulus is 


100 X 120 2 

K =---= 240 000 cm 3 (14.645 in 3 ), 

6 

the stress at the spring line 

o = i ~= - 4 . 2 ° ± 54 ° = 350+22-5=372-5 t/m 2 = 37-25 kg/cm (5320 psi) 

A K 1'Z m 2 2'4 m-* 

or 

327 5 t/m 2 = 32 75 kg/cm 2 (4670 psi). 

(b) In the investigation of the inverted arch the construction sequence is also to be consid¬ 
ered. Thus the weight of the arch at the top and the weight of the walls - both members having 
been completed prior to the inverted arch - is transferred to the ground at the base of the wall? 
In another assumption on the safe side the entire pressure on the arch at the top and on the 
walls is again assumed to be transferred to the ground through the walls and through the 
inverted arch and is reduced only by the friction behind the walls. Some of the pressure ob¬ 
viously must have been transferred to the ground through the walls completed earlier. 

Because 

P = a f k y, = 1-60 X 2-925 X 20 = 9 36 t (20'64 kips) 


and 


5 = 120 t (264-6 kips) 
(see later under wall design) 


, G 0 +2P-2S 20-4 + 2x9-36 - 240 „ , 

Pi = 9o + — 5 -j-= 55-2 + - 7 ^ r -= 55-2 - 14-9 = 40 3 t/m. 


13-50 


(27-1 k/ft) 


The components of the horizontal load are 


e j = [ 0 O + (11-87 x 2-0)] \ a - c yjl a = (55-2 + 23‘74) 0-5475 - 28 X 0‘74 = 22’5 t/m, 

(151 k/ft) 

c j = [ 0 O + (13-46 x 2 0)] X a - c vX = (55-2 + 26 92) 0 5475 - 28 X 0 74 = 24 3 t/m, 

(16-3 k/ft) 


Ph 


+ <? a /* 22-5 + 24-3 1-59 


fa 


1-52 


= 24-5 t/m (16-5 k/ft). 


Selecting the appropriate ot and ft values from Table 4/1 the reactions at the springing of the 
inverted arch can be calculated. 
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Owing to vertical loads: 

My = a M ?yl' 2 => 0 00485 x 40-3 X 7'35 2 = 106 tm/m (23-4 ftk/ft), 
H'y = <x„p'yl' 0-6145 x 40-3 x 7-35 = 182-0 t/m (401-2 ftk/ft). 



40-3 X 7-35 
2 


= 148 t/m (99-5 k/ft). 


Owing to horizontal loads: 

M’„ = P M p'„n = -0 0049 X 24-5 X 7-35* = -6-50 tm/m (-14-3 ftk/ft), 
H’„ - PhPhI' = -0-1146 X 24-5 X 7‘35 = -206 tm/m (-45 4 ftk/ft). 


The sum of the forces at the springing: 

M a = My + M’ h = 10-6 - 6-5 = 41 tm/m (9 04 ftk/ft), 
H„ = Hy + H' h = 182 0 - 20-6 = 161 4 t/m (108-5 k/ft), 

V' = Vy = 148 t/m (99-5 k/ft), 

N' = V 161-4* + 148* = 219 t/m (147-2 k/ft). 

With a cross-sectional area of 

A = 1 *0 X 0*9 = 0-9 m 2 (1395 in 2 ) 
and with a section modulus of 


10X0-9 2 


= 0135 m 3 (8238 in 3 ) 


the stresses are 


219 4-1 

CT = ¥F ± ¥i3F = 243 ±30 - 3t/ma 


i.e. 

cr m ax — 27-33 kg/cm 2 (389 psi) 

and 

<7 mIn = 21-27 kg/cm 2 (303 psi). 

(c) This brings us to the investigation of the walls. Because the base is held firmly in place 
by the inverted arch, the wall is assumed to rotate about its lower outer corner. This will 
result in passive earth pressures behind the wall being distributed in a triangular form and 
with a resultant acting at 2/3 of the height. As t„ is thus known right from the beginning the 
calculations become considerably simpler. (Fig. 4/27). 

Other assumptions are: 

1. The ground may be regarded as a homogeneous, isotropic material, in which the strains 
can be calculated with a constant coefficient of subgrade reaction in every direction. 
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p - mo t/m 

H r = 2648 t/m 

Hf- 44-6 tm/m 

V, - 196-0 t/m 

H a ~ 2tS-8t/m 

M t - 7-5 tm/m 

P -£.a -6108■ 16-981 

5 - 1201 (estimated value) 

S, - Plenf> -98x0-306- 3001 

6 - 501 

e t -12-7 t/m z 
e t - 22-5 t/m z 


Fig. 4/27. Numerical 
example of 
wall design 


2. The wall is infinitely rigid and the back face remains a plane throughout the rotation. 
From the equilibrium of vertical forces 


where 


thus 


W = V,+ P’ + G- S- V, 

P' = 1-60(27-60 + 2-90) = 98 t (216 kips), 

G = (2-15 + 3-07) y 8-94 X 2'3 = 50 t (110 kips), 

W = 310 + 98 + 50 - 120 - 148 = 190 t (419 kips). 


The active earth pressure 


„ £i + e, , 12*7 + 22-5 

E a = - ■ h = -——- 8-94 = 157-0 t (346 kips). 


ta = 


2e t + e, h 2 X 12-7 + 22'5 8 94 


4 05 m (13-29 ft). 


and the moments about corner O 


P'p + S x h + V,v f — M f — H f h, + Gg- H a h a - V„v a + M„ + E a t„ + E p t„ - Wt w = 0, 

where S 1 = P tan <fi. This can be rewritten as M a + E„t p — Wt w = 0, where M 0 denotes the 
sum of all known quantities. Considering the proportion of pressures under the wall to those 
behind the wall and the proportions to the common angle of rotation we get 


e p -. (w! — vv 2 ) = m : b. 
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From these relations, combined with the equation of moments, E„ can be expressed as 

fVb- 2M 0 


or, whith numerical values 

M a = 98 X0-80 + 98 X tan 17° X 8 94 + 310 X2115 - 446 - 264 8 X 858 + 50 x 110- 

- 161-4 XO-39 - 148 0 x3 08 4- 41 + 157-0 X405 = 78'5 + 274 0 + 660 - 44 6 - 

- 2270 + 55 - 63 0 - 456 + 4 1 + 635'0 = 1706-6 - 2833-6 = - 1127 0 tm 

(-8152 ftk). 




190 X 2-76 + 2 X 1127-0 


4 

— 8-94 + 


2-76 3 
3 X 8-94 2 


= + 


2778-0 

120 


= 232 t (511 kips). 


S = (E P + E a ) tan <t> = (232 + 157-0)0-305 = 118-5 t (261 kips). 
(This is in good agreement with the 120 tons (265 kips) assumed at the beginning.) 
2E„ 2 X 232 


8-94 


■ = 51-7 t/m 2 = 5-17 kg/cm 2 (73’5 psi). 


b 2*76 

Aw = Wj - w 2 = e p ~ = 5-17 ~- = 1-6 kg/cm 2 (22-8 psi). 


The average bearing pressure 


W 190 


2-76 


= 69 t/m* = 6-9 kg/cm 2 (98-1 psi), 


Aw 1"6 

w i = H’a H- — = ^'9 4 —— = 7-7 kg/cm 2 (109-5 psi). 

Aw 1*6 

w 2 = w a - — = 6-9- — 6'1 kg/cm 2 (86-8 psi), 

2w„ + Wi b 2x6-1 + 7-7 2-76 

t w =- 2 —- - 1 - — = , --— = 1-28 m (4-2 ft), 

w, + w« 3 6-1 + 7-7 3 

and the friction 

S, = H,+ H a - S x - E p - E a = 264-8 + 161-4 - 30-0 - 232 - 157 = 7-2 t (15-87 kips). 
This would require a friction coefficient of 


J II/ 


7-2 


W 190 


= 004 


corresponding to $ = 9°, which is considerably less than the available maximum i.e. the actual 
angle of internal friction. 
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Having determined all forces on the wall the thrust line can be constructed. Because the 
maximum eccentricities occur at the crown and at the springing of the inverted arch the stresses 
also should be investigated at the same sections. 

We shall now investigate the changes in the loads on the arches if the effects of wall displace¬ 
ments at the springings are also to be considered. 

With C = 15 kg/cm 3 the horizontal displacement at the spring line is y — ; 


(^o = e ° = v :*? -- 0345 cm <°' 136 ■") 

C 15 kg/cm 3 


and the rotation of the wall is 


(A) 0-345 

(X) = ~1T = ~894~ = 0-385 xl0_3 - 


The moment of inertia of the arch is 

1 = 1 °°" 1 2 °~ = 0 12 m' (288 240 in 1 ); E conc = 210 000 kg/cm 2 (2987 k/in s ) 


and the Poisson ratio of the concrete is 


^ = 018; /t| = 00324. 

The magnifying factor for the displacements is 

EJ 21 X 10 5 x012 


1 - n- 1 - 0 0324 
and thus the magnified displacement and rotation 


= 2-6x 10 5 tm 3 (6 168 000 ft 3 k). 


A = 0-345X 10- 2 X2-6X 10 5 = 895 (tm 3 ) (69 660 ft 3 k), 
x = 0-385X 10“ 3 x 2-6x 10 5 = 100 (tm 3 ) (2372 ft 3 k). 
The equations of redundancy thus become 

an 3f t -f- a 01 x = 0, 


a 22 X« + a„ 2 — x (f — y 0 ) — A = 0 . 


In the first equation the sign of x is opposite to that of a ul since the displacement will 
diminish the rotation of the end section. In the second equation the sign of a„ s is opposite 
to that of A but is the same as that of the displacement due to x. From Eqs 4.23 to 4.27 


a n = 2r0„ = 2 X 5'35 


60° 7i 
180° 


= 11-205 m (36-76 ft). 


180' 
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*» " '■ (*• - + T !i “ »■) ~ 5 ' 35 ‘ (tSF - 

- 154 (t 


60,-r ^sm^ 18{)0+ 1 sin]2{)c | 

60° 7i 2 


1-43 + 0433j = 7-9. 

Since fl01 = - pr 3 (A_± sin 2 *j = - 67-0 x 5-353 _ ±sin 120=) = - 322. 

( 1 1 sin 2<t> 0 sin 3 <t> 0 \ _ 

IT _ T V 3 J _ 


a 02 = — pr* sin <j> 0 


= - 67 0 X 5-35 1 


4 <t> o 

r i i 3 yr 


4 2;i 4X3 


4 


= -2190, 


(n 

v' 3 | 

1 3 

2 ) 


K4> - sin 4>o) 

3-0 =-r-- = 5 35 


after substitution the redundants can be obtained as 

322 — 100 


3 = 0-93 , 


11-205A'' — 322 + 100 = 0; X[ = 

7-9 Xi — 2190 - 100 X 2-925 — 0 93 + 895 = 0, 
2190 + 199-5 - 895 


= 19-8 tm (143-2 ftk). 


X' t = 


7-9 


= 189 t (417 kips). 


It must be noted here that the thrust at the springing is greatly influenced by the displace¬ 
ment (in the example 30%). The horizontal thrust at the springing, for example, was reduced 
from 283 tons (624 kips) to 189 tons (417 kips), resulting in a substantial increase in the positive 
moments at the crown. Any displacement at the top of the wall will cause only rotations at 
the springing as the wall was assumed to rotate about its lower corner. Thus the equations 
of redundancy become 

X'ai i + a° ol + k„ = 0, 


The magnifying factor is 

21 x 10 5 

n a = - 


X'.tr a + aS 2 +Ka(fa +yS)=o. 

1-0 x 0-9 3 


12 


= 1-32X10 5 tm 2 (3 131 600 ft 2 k). 


and so 


1 - 018 2 

= 0-385 X IQ" 3 * 1-32 X 10 5 = 50 8 tm 2 (1205 ft 2 k), 


= 


(K ~ sin Vo) 

Vo 


= 5-20 


{j ~ sin 45 °) 


4 = 0-52 m (1-71 ft). 
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oil - 2r<t>0 = 2 x 5-20 X — = 8 20 m (26 90 ft), 


(«- 


+ y sin2<^>'| = 




furthermore 


6 ' 1 

°oi = - pr 3 |—-— sm 2<%| = 


«o 2 = — pr* sm 


;) - «-3 x 5-2. (i-i.) - - 

in A' (J_ 1 S * n 2<t> <> S ' n ~ « 

00 2 4 


= - 810, 


4 </>i 


= - 40-3 x 5-2 4 x 0 707 |o-5 - — - -ij = 444 . 
Both x and a ol will be of the same sign. 


x » x 8 ’ 20 ~ 810 - 50 8 = 0; X[ a = + = + 106-20 tm (768 ftk); 


x ~ x 185 - 444 + 50' 8 (152 - 0-52) = 0; X' u = = 212 t (167 kips). 

1 ‘o 5 

Here the effect of the rotation is favourable as far as the crown is concerned because the 
increase in the horizontal thrust (about 15%) diminishes the positive moment. 


42.13. Common Deformations and 

Composite Action of the Surrounding Ground (Davidov’s Method) 

A more accurate design method has been developed by Prof. Davidov 4 - 3 in 
conjunction with the experiments and research especially carried out for the 
design of the Moscow Subway. This method is particularly applicable to major 
underground structures built by classical construction methods. The members 
of structures of such proportions, constructed in separate successive phases, lend 
themselves to design as separate units. According to Davidov the arch and the 
inverted arch are to be designed separately and the calculated reactions are to 
be applied to the walls as external loads. However, the displacements at the spring- 
ings, common to arch and wall because of the contact between them, will be 
included in the calculations. In the design of the walls, on the other hand, the 
surrounding rock will be assumed to participate in carrying the loads and support¬ 
ing the walls. 


Davidov, S. S.: Raschet i proiektirovanie podzemnikh konstrukcii (Computation and 
design of subterranean structures). Gosud. Izdat. Stroitelnoi Literaturi, 1950 

4fc&' 
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According to Davidov the effective depth of the cooperating ground will 
depend on the magnitude of transferred stresses and will be defined by the range 
within which these additional stresses do not exceed the initial geostatic pressure 
by more than 20%. Thus, the wall can be assumed to be elastically supported 
and surrounded by the “composite ground” the thickness of which can be cal¬ 


culated as above and will be 
denoted by H g and H b for be¬ 
hind and under the wall, re¬ 
spectively. In his treatment of 
the elastic foundation Davi- 
qov also considers the inter¬ 
action and accumulation of 
penetrations in adjacent areas. 
Instead of a continuous bed¬ 
ding the foundation is assum¬ 
ed to consist of a finite 
number of fictitious elastic 
rods with hinges at top and 
bottom (Fig. 4/28). 

The tunnel wall, leaning 
against the surrounding 
ground, may then be regarded 
as a cantilever with a displace¬ 
ment y 0 and a rotation <p 0 at 
the fixed end and subject to 



Fig. 4/28. Structural mechanism of the Davidov 
design method 


the external loads, and to 
the ground reactions in the 
form of forces X lt X 2 ,.. . X„ 
exerted by the elastic rods 
(Fig. 4/29a). 

The rigidity of the wall is 
to be taken into considera¬ 
tion as 


nE 0 1 - n 2 
6 EJ 1 - & 


c 3 , 



Fig. 4/29. The wall acting as a cantilever 


called the rigidity factor. 

For values of a < 0-05 the wall is practically infinitely rigid and the deforma¬ 
tion of the cantilever may be neglected. However, for a > 0T0 the wall has to 


be regarded as flexible and the deformations considered accordingly. 

In the formula, E 0 is the modulus of elasticity and /i 0 is the Poisson s ratio of 
the ground; EJ denotes the rigidity and n the Poisson’s ratio of the wall and c is the 
spacing of the fictitious bars which can be t^cen as 1/5 of the height of the wall h y . 
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In order to simplify the calculations and to reduce the volume of computations, 
a number of tables have been developed by the author for rigid as well as for 
flexible walls; these can be found in his work referred to earlier. 

42.131. Davidov's theory for clear spans. An approximate but more practical 
theory by Davidov can be used for clear spans up to 


4S '#- 

where/*, = a factor of rock strength (by Protodyakonov, see Table 3/VI), ft = A 

where f 0 = the rise of the arch. Under these conditions the horizontal 
resultant of the external volumetric forces, E a , just about balances the thrust at 
the springings. If E a and the external loads on the wall are in equilibrium, the 

rotation of the base is zero (< p 0 s 0) which also eliminates any rotation at the 

spring line (/>“ = 0 and X n — 0. Based on the above formulae this method can 
be used for the following conjugate values: 

f kr = 0-6 0-8 1-0 2-0 40 6-0 10 15 20, 

/„ = 3-5 4 0 5-0 6-0 8 0 10 12 14 16 m 


1. The design of a rigid and fixed wall (<p, t = 0) is simpler because 

(a) The elasticity of the surrounding ground need not be considered; 

(b) The forces acting in the elastic centre of the arch can be calculated as 


A/, = Mf, H , = H?, and Q 3 = Q° 3 , 



Fig. 4/30. Simplified method for 

the design of rigid walls 


where Mf, Hi! and Q% denote the moment, horizontal 
and vertical force, respectively, due to the external 
loads and acting in the elastic centre of the fixed arch; 

(c) The Xj forces, representing the elastic ground 
resistance, will not be mobilized and So X, = 0; 

(d) The elastic reactions (Y,) under the wall base can 
be assumed to be uniformly distributed; 

(e) The forces acting in the elastic centre of the 
inverted arch can be calculated similarly from 

M\ = M° a ; H a = H° a and Q“ 3 = 0 

where M° a and H° a denote once again the moment and 
the horizontal thrust, respectively, due to the external 
loads and acting in the elastic centre of the inverted 
arch. The walls are assumed to remain undisplaced 
under the thrusts from the arches. While the diagram of 
lateral pressures behind the wall is assumed to be trian¬ 
gular, the bearing pressures under the base can be taken 
as uniformly distributed. Finally the wall is designed 
as a statically determinate structure. 
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The unknowns o, a x and X can be determined from the equations of equilibrium (Fig. 
4/30). 

ZX = 0; ff,+ X+ H tt -—oh, = 0, 


ZY = 0; 


Q°, + P + G - Q° - /t, — ah y ■- o x h x = 0. 


ZM = 0; Mf — M a + H,h, + H a h a - Q tt f q, + Ql Q a ~ Pp ~ Gg ~ y oh*, + — a x h\ - 0. 

(4.40) 


Letting 


K = H,+ H„, 


Q°„ = Q°+P+ G-Q°, 

Ml = M,- M a + Hfhf + H a h a - Q°, q°, + Ql ql - Pp ~ Gg , 
the formulae reduce to 


X - — ah r + H° = 0, hence X = ^-oh,- H° , 
2 2 


Q°„ ~ y/'i oh, - a x h x = 0. 


Ml - y ahl + y o x hi = 0 , 


these two equations yield 

6(2 Ml+h x Q° w ) 
4 hi + 3/r, h x h y 


Ql i K 

and a = ——-r-|“i -r- o . 

h x 2. rl x 


With these two relations the loads can be computed for any cross-section. For example at 
the centre of the wall base 


M = M,- M a + H,h, + H a h a + <2°, |y h x - q ,J + Ql \q„ ~ -yj + 

\ 

+ P j-y-/>j + G [y- - -y—J - y oh*, - y h x h y <7*, = 0 , (4.41) 

N = Q°, — Ql + P + G — fii y ah, = «7 X and T = y ah, — H a = Jf. (4.42/ 

2. An elastic and flexible wall can be designed for the </>„ = </> 4 = 0 conditions as follows: 

(a) The range of the ground in compression is disregarded; 

(b) The X, and Y, forces, representing the elastic ground resistance, are also neglected; 

(c) The bearing pressure diagrams behind and beneath the wall are assumed to be linear, 

(d) The wall is assumed to remain undisplaced (Fig. 4/31). 
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Because of the flexibility o'f the wall the pres- 
sures due to the external loads are assumed to be 
r transmitted to the ground only over a certain por¬ 
tion of the height. Furthermore, the horizontal re¬ 
action, X , acting at the bottom of the b v ase, is as¬ 
sumed to be insignificant and can be neglected. 

The forces acting in the elastic centre of the arch 
h f are again calculated as they were in the case of the 
rigid wall, i.e. assuming the arch to be fully fixed. 
Once again the wall in itself is a statically deter¬ 
minate structure for which the unknown quantities 
t7, a x and y 0 can be calculated from the equations 
of equilibrium: 


Fig. 4/31. Simplified method for the 
design of elastic walls 


^ — 0; — oyo — H, = 0 giving a = ~ L , 


- F — 0; Q1 + p + c — fi x a~ — a x h x = 0 , 


'-'M - 0; M f + H,h,-QW - Pp - G g - J oy 0 |*, - i-jJ + ~u x h\ = 0. 


2ff 

Substituting a =-- in the second and third equation 

-Vo 


Q a r + P + G — /i, H, — a x h x = 0, 


Qf + P + G — fi x H, 


M, + H,h, - Q,q, - Pp - Gg - H, h r - — y 0 J + „ x = 0 , 


3 | H,(h y hj) + Q? q, + Pp + Gg + M, — -y- (Q^ -j- p -L Q -f p x Hj) j 


and thus the loads can be determined for any section of the wall: foi example, at the centre 
or tne wau base 


M = M,+ H,h,~ Q°q r -Pp-Gg-^-y, (*,_ + ^A| = 0, 


3 2 


N ~ Qt + G + P — ft x = <7 X h x and T=~—H,= 0. 


(4-45) 
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Davidov’s method can also be used to determine the coefficient of subgrade reaction in 
cases where /i„ varies with the depth of the compressed layer (H). 

Regarding the wall 

c 57lE ° 

1 (1 — 

and regarding the base 

C - 5 ” £ ° 

2 (1-Mi)*,/.’ } 


A numerical example can be found in Davidov’s book, referred to above, on pp. 251 — 271. 
Because of its complexity and limited accuracy the method has not gained general acceptance 
and is used only in the design of exceptionally large underground structures built by classical 
construction methods. 


4.22. ANALYTICAL DESIGN METHOD TREATING THE SECTION 
AS A WHOLE AND CONSIDERING COMPOSITE ACTION OF 
THE GROUND 


42.21. Method of Zurabov and Bougayeva 

Zurabov and Bougayeva consider the structure as a continuum and take into 
account the support offered by the ground in the form of an elastic foundation. 
This method is considerably more accurate than the previous one, not only because 
of its more realistic approach of treating the horseshoe section as a continuum 
rather than a composition of arches and walls, but also because of its treatment 
of the support offered by the surrounding ground. The latter is assumed to develop 
through elastic subgrade reactions consistent with the actual deformations rather 
than through passive earth pressures, which would require displacements that 
may not materialize at all under the given set of conditions. 

More often than not the vertical loads will cause the walls to spread apart. 
This trend is resisted by ground reactions developing in proportion to the defor¬ 
mation of the structure and to its penetration into the ground. On the other hand, 
the top of the tunnel will deflect without giving rise to any ground reactions. 
In this method, then, the ground reaction is assumed to be proportional to the 
structural deformation but only at the points of maximum deformations. In all 
other points the bearing pressures are assumed to be distributed in an arbitrary, 
approximate manner. Also the locations of the initial zero points of the pressure 
diagrams are assumed arbitrarily. 

The structure is assumed to have elastically fixed ends. The rotations of the 
lower corners can be calculated in proportion to the elastic compression of the 
ground and the horizontal displacements are assumed to be zero at these points. 

The ground reactions are assumed to be distributed as illustrated in Fig. 4/32. 
An equation for the diagram is given as a function of the locations of the maximum 
ordinate (q) and the zero points. The upper zero point has been observed to vary 
within narrow limits and may be taken at </> 0 = 45°. 


21 Sz6chy: The Art of Tunnelling 
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Fig. 4/32. Load diagram for a monolithic 
horseshoe section (according to 
Zurabov and Bougayeva) 


The maximum lateral pressure 
is assumed to occur where the 
section is the widest, but shall 
not be taken as lower than 1/3 of 
the total height h. The direction 
of the reactions is radial. 

The maximum ordinate of the 
pressure diagram is calculated 
as q = Cd h where d h denotes the 
maximum horizontal displace¬ 
ment due to the combination of 
external loads and ground reac¬ 
tions and C denotes the coeffici¬ 
ent of subgrade reaction. For 
compound circular sections it is 
customary to assume the follow¬ 
ing approximate pressure distri¬ 
bution : 


at the top 


q' = q 1 


cos 2 £ 


cos 2 <p 0 


(4.47) 


at the bottom 


„ . sin 2 

q =q 1 - - ■ 2 ! 

Sln <Pn 


(4.48) 


If £ = (/>o then q' = 0 and if £ = 90° then q' = q and in the second equation, 
if = 0 then q" = q and if = </>„ then q" = 0. 



Fig. 4/33. Deformation of the monolithic section 


If the lower section consists of 
straight vertical walls 



(4.49) 


(For the notations see Fig. 4/32.) 

From the above equations it 
will be noted that once the zero 
points have been assumed, the 
only remaining unknown to de¬ 
termine the reactions is q. This 
is to be obtained from the dis¬ 
placement which can be calculated 
with the coefficient of subgrade 
reaction: 

q = Cd h , (4.50) 
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where 5 h can be written as (Fig. 4/3?): 


where S hp denotes the structural deformation due to the external loads and d hl 
is the structural deformation due to the 
unit reaction: q = 1. 

Eq. 4.50 can be rewritten as 

~pr ~ &hp + > 


hence 


q=+- 


hp 


(4.51) 


If N and M denote the axial load and 
the moment due to the external loads, 
respectively, the rotation of the elastic- 
ally fixed ends is (Fig. 4/34): 



Fig. 4/34. The effect of the rotation of the 
fixed end 


H yk-yb Ok~ °b 

P = -=— p; -, 

m 0 Cm 0 


N 6M 

O k = —-1-5- • 

m 0 m- n 


N AM 
m 0 m% 


12 M _ M 
Cml CJ ’ 


(4.52) 


where J = the moment of inertia of the end section. 

With the above conditions and assumptions established, the calculation can 
be carried out in the following steps: 

1. Disregarding the passive earth pressure the statically indeterminate and 
elastically fixed structure is to be solved under the external loads (Fig. 4/35). 

2. The same structure is to be solved for the unit lateral load q — 1 t/m, distri¬ 
buted as above (Fig. 4/35). 

3. The horizontal displacement at the point of maximum lateral pressure shall 
be determined under the external loads as well as under the unit lateral load (<5 A1 ) 
(Fig. 4/35). 
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|]|||||||[|||[|imilll|lliHlllllllllll[ Iin]/7 4. The maximum ordinate 

/ of the lateral pressures is cal- 

/ i culated by equating the struc- 

/ / \ tural horizontal deformation 

/ j y \ to the elastic compression of 

I | the ground (Eq. 4.51). Thus 

I | all external loads have been 

\ J / determined and the moments, 

\ / axial loads and shear forces 

/ can be calculated at any cross- 

I / section. 

w/'' ' : In the above calculation the 

same structure is to be solved 
n'-f- C0S ^ f° r var i° us external loads. 

*' COS 2 * Because it is three times re¬ 

dundant it will have to be cut 
Qiklt/m through at an arbitrary sec- 

/ tion (e.g. in the middle) and 

then subjected to the redun- 
dants. The latter will consist 
Sin% of a moment (A^), a horizon- 

Sin 2 f n tal force (Af 2 ) and a vertical 

„ . force (A'j) and these will have 

Fig. 4/35. Separating the loads into *° be determined in such a 

(a) upper and way as to eliminate any dis- 

(b) unit lateral load continuity at the disconnected 

ends. If X x , X 2 and X 3 are 
the forces acting on one half 
of the structure then the other half will have to be subject to — X x , — X 2 and 
— X 3 , i.e. to forces of the same size but of opposite directions. Because both the 
structure and the loads are symmetrical about the vertical axis in most practical 
cases, X 3 is usually zero. 

In order to simplify the calculations the structure is split through the centre 
and the redundants X x , X 2 (and — X x and — X 2 on the other half) are shifted to 
the elastic centre, which is once again the centre of gravity of the elastic quan- 
. . As 


mm 


Fig. 4/35. Separating the loads into 

(а) upper and 

(б) unit lateral load 




The equations for X x and X 2 are 


a oi + + a 12 X 2 — 0, 

C 0 2 + fl 21^J + — 0, 


(4.53) 
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where a 0i and cr 0 , = the relative rotation and horizontal displacement due to 
the external loads, respectively 

a n and a 22 = the respective movements due to the redundants ~ 1 
and X 2 = 1 

a. n = the horizontal displacement due to X t = 1 
a 12 = the relative rotation due to X 2 = 1. 

All these factors are to be calculated in relation to the elastic centre. 


Fig. 4/36. Equivalent 

determinate structure of the horseshoe section 


> 


Fig. 4/37. Horizontal 

movement at the spring line of the cantilever 

In calculating the relative movements the elastic rotations of the supports also 
have to be considered 

a oi = a oi + Po, 

where is the rotation of the structure with fixed ends and /? 0 is the rotation 
of the structure with elastically constrained ends. Similarly (Fig. 4/36) 

a 02 = a 02 + A)>V- 

a n — a n + Pl> °21 = Pi a 22 — a 22 ■>' Pl}c- 
Substituting in Eq. 4.53 




* 


a oi + ft> + ( a u + Pi) %i + Piy c ^2 — 0, 
a o2 + Poy c + Piy^i + (Piyt + ^m) x 2 = o. 


(4.54) 
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From the above two equations X x and X., can be calculated. Note that 


f M 0 m 1 

a ° 1_ J EJ d 

-J 

He 

EJ iS ‘ 

a 02 ~ j 

~“^d5, 
EJ 

Oil = | 

ds 

EJ 

9 ^22 = 

1 —■ ds . 
j EJ 



Horizontal displacements S hp and c> A1 also have to be computed for the calcula¬ 
tions. 

S hp = d h0 + S^X t + S 2 X 2 , 

where is the horizontal displacement of the cantilevers due to the external 
loads and S x and S 2 are those due to X 1 = 1 and X 2 = 1, respectively. 

It is best to calculate the displacements from the equations of virtual work. 
For example, a fictitious force H = 1 can be assumed to act at the point in question 
and then the exterior and interior work can be equated (Fig. 4/37): 

s + p oyi , 

<5i = j gj ds + Pi Ft > 

d 2 =j^^ds + p iycyi . (4-55) 

The value of <5^ can be computed in a similar manner. 

The use of the above method is illustrated in the following section by a numer¬ 
ical example. 


42.22. Numerical Example of the Zurabov-Bougayeva Method 

Consider the horseshoe section composed of two .circular sections as illustrated in Fig. » 
4/38. The moment of inertia is constant throughout. 

The tunnel is subject to a uniformly distributed vertical load of/? = 1 t/m. The ground is 
assumed to be elastic and capable of developing lateral support. In the first part of the calcula¬ 
tion the supports are assumed to be rigidly fixed. 

The data of the section are: 

r = 3 0 m, </>„ = 45°, <t>„ = ~ = 22° 30'. J = const. = 0 0104 m 4 , 

8 

C = 50 kg/cm 3 = 50 000 t/m 3 , E = 3 000 000 t/m 2 , a = 2. 
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.mu.. 



(substituting <t>/, into Eq. 4.47) 

q' = q{ 1 — 2 cos 2 f) » 


and along the lower part of the section: 
(substituting <j> 0 into Eq. 4.48) 


q" = q (1 — 6 8286 sin 2 {,). 


1. Find the elastic centre. 


, . I y ds 

' /d* ’ 

Jdi = r -- + 2r j = r = 2-356 r , 


y' = r (1 — cos i) 
y" = r + 2r sin 


(upper part) 
(lower part) 


it/2 ? 

j y d 5 = j r 2 (1 - cos c) d£ + J"2r 2 (1 + 2 sin f x ) d^ = r* [c - sin C ) + 


+ 2r 2 — 2cos £ 


■r-(^ 


1 4- 2r 2 (<£„— 2cos <£„+ 2) = 


+ 3 4- 2<j>„ — 4cos <)>„ 


substituting the numerical values 

jy ds = r- (1-571 4-3 4- 0 7854 - 4 X 0 9239) = l'666r 2 . 


1-666^ = Q,7o 8r 

' 2-356r 


* 
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Fig. 4/39. Loads and moment diagrams on the equivalent determinate structure 


2. In the next step the structure is to be investigated under the external loads without 
considering the lateral ground support. Because of symmetry the structure can be regarded 
as one with two redundants. Assuming the two redundants X 1 and X„ in the elastic centre 
and assuming rigidly fixed supports (Fig. 4/39) with the notations already given 



11 = j ~ih d * : *“=/- 


f m 1 f . 

0(1 J~EJ~ ds; = J ~ 


In these expressions M denotes the moment on the equivalent determinate structure due 
to the external loads and m 1 and m 2 are those due to = 1 and X 2 = 1, respectively. The 
moment diagrams on the equivalent determinate structure are illustrated in Figs 4/39b- 
4/39d. 


Monolithic horseshoe-shaped tunnels 
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As the moment of inertia is constant, the relative rotations may be ‘magnified’ by EJ in 
the calculations. 

f 2 cjn ^£ -2 

Mi= - Ml — -— + 2r 2 (1 — cos 4i) ; 

al, — j m 2 dr = J"dr = r = 2-356 r , 

»t/2 <pn 

= j m l dr = J*[ - c, .-f r (1 - cos 4)] 2 r d{ + J"(r — c f + 2r sin 4i) 2 2r d4i , 


a’ u — r j cf — 2rc, (1 - cos 4) + r 1 (1 — 2 cos 4 + cos 2 4) j d4 + 2 r j"|c 2 — 2c, r + 

0 0 

1- r 2 — 4 (c, - r) r sin 4i + 4r 2 sin 2 4i d4i = r eft — 2rc,(t — sin t) + r 2 |{ — 2 sin 4 + 

1 il"' 2 

+ — sin 2 1 + tl 2 + 2r cf ti — 2c, r f, + r 2 4j + 4(c, — r) r cos t , + 

+ 4 “ (- t "" »■ + mr - ” [(t - ■ r 4 +2 4 + 


+ - sin 24 + 4/2 


(--« 

r 


(cos <£„ — 1) -|---2—2 sin 2 <t>„ = 

4 


= r 3 0-292 2 x 


2-356 + 1-416 


- 8 X 0-292 (0-92388 - 1) + 2 356 - 2 - 2 X 0 7071 = + 0 737r J . 


a' ol =J~ m, M a dr = j" 1 X M 0 dr, 


— r 2 sin 2 4 

Mn - — - 


(upper part) 


Mf, =-— -f 2r 2 (1 — cos 4i) (lewer part) 

Jl/2 <(> n 

/ r 2 sin 2 £ f T r 3 1 

-- rd4+ - - + 2r 2 (1 - cos 4,) 2rd4,= 


r 2 1 4 I 1172 T 4 l™ 8 ■ ( n \ 

= -y sin 24 — yj + 2 r 3 y + 24, — 2 sin 4ij = r 3 - 4 sin .-i/8j = 

= r 3 (0-7854 — 1‘5307) = — 0-745r 3 Q>). 
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Tin ^ *n 

o', = j m , M„ ds = j [c, - c(l - cos £)] r- ^ -rd; + j [c, — r - 2c sin ?,] 

0 o 

71/2 6n 

— 2 r (1 - cos {,)1 2 r dsj = y j (c,sin 2 i - r sin 2 « + r sin 2 1 cos i\di + 2 c 3 j" |y — 

J 0 0* 

— 2c, + 2c,cos C, - y + 2r - 2r cos i, — r sin c, + 4r sin c, — 4r sin C, cos CiJ di, = 


(c, - r) | - ~ sin 2( + y) + r- 


sm J c 


+ 2r 3 


(f- 


2c, + 2.C, sin s, + 


+ |4r — yj {, - 2r sin {, + c cos c, - 4r cos {, - 2c sin 5 ii | = c 3 |^(c, - c) y — 

- 3 (c, - r)</>„ + 4 (c, - c) sin <t>„ - 6r cos </>„ - 4c sin 2 </>„ + y rj = c 1 - (y - 1J -j + 
+ 4 — ij 0-3827 - 6 x 0 92388 - 4 X 014644 + 6-16 | = r' [+ 0 229 - 0 446 - 


_ 5-540 — 0-586 + 6-16] = — 0 18c 1 (p). 

X., 

This completes the first part of the calculations. The structure has been solved for the con¬ 
dition of fixed ends and no lateral ground support. The corresponding moment diagram is 
illustrated in Fig. 4/40. The bending moments are 

A/ = M y) -j- m *4" , 

for the upper part 

r- cin 2 C. 

M‘ = — 2— - X,— c,X, + r (1 — cos {) A"., 


0-745r 3 

= + — — = +0317c 2 (p), 
T 2 356c 


0180c 1 , . 

= + - , = + 0-245c(p) 

0-737c 3 



Fig. 4/40. Moment diagram 

for rigidly fixed ends 

and no lateral ground support 
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for the lower part 

M " = ~ Y + 2r2 0 - cos ^i) + + (r - c f ) X 2 + 2r sin ( t X, . 

3 , T “ rmng now to the effects of the assumed lateral load of q = 1 t/m the expression for 
the bending moments on the equivalent determinate structure is (Figs. 4/41a-bV 
(a) For the upper part 
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M o = — C 2 -1- COS 1 { - -1 

The moment at { = 90° is 


— — sin 2 f ( 


4 

y + 0-4714 + 1 


lj = -0138 r 2 


L J 

The horizontal component is 

90 ° 71/2 

H = f 9 dS S ‘ n * = [ (1 ~ 2 Cos2 “> r sin 1 da = r - cos a + _ 2 cos3 a j 90 . 

» = «5” a=ji/4 ^ J* 5 ° 

2 X 0‘7071 3 I 

= r 0-7071 -y—- = 0-4714 r 

The vertical component is 


90° 

= J" dr cos » = J"(l — 2 cos 2 a) r cos a da — r j’ (cos a — 2 cos 3 a) da = 

a = 45° 

2 4 1 90 ° r 4 2 

= r sin a — sin a cos 2 a — sin a I = r 1 - 0 7071 + — 0 7071 X 05 

J 3 J a = 45° L 4 3 

4 1 


4 

y 0-7071 = 0 138 r(q). 


J I 

(b) On the lower part of the structure the bending moments are made up of tw 
7=0 — 6-83 sin 2 a) • ( q ) M" = M' a { + Mg',. While the first member represents the n 
due to load q", the second member denotes the moments due to H , V, and M„ (Fig. 


' 2r da 2 r sin (£, — a), 


a = «, 

= — 4r 2 j" (1 — 6-828 sin 2 a) sin (Ci — a) da = — 4r 2 j~sin f, cos a — cos ti | 

a=0 

- 6-83 sin 2 a (sin cos a — cos ( x sin a)] da = —4r 2 sin £, sin a + cos i x c 

6 . 83 sin 6-83 cos {,(- <*» *«»'* .. _ fcosa]]"^ - 4r 2 [; 

+ cos 2 {, - 6-83 i i ^-+ 6-83 cos {l (- ™ - | cos {,) - co 

6-83 cos$iy = - 4r 2 (- 2‘276 sin 1 - 2 276 sin 2 f,cos 2 {, - 4'552 cos 

+ 3-552 cos + 1). 


. sin 3 a . I cos a s 

— 6-83 sin {j —--h 6-83 cos |- - 

+ cos 2 {, — 6-83 - S ‘ n y^ - + 6'83 cos £, (— 


cos a sin 2 a 2 

-cos a 

3 3 
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ir.e moments due to H, V and M„ are 

M" 2 = — H2r gin £, V2r (1 — cos I,). 

- r- (0-1331 + 0-942* sin ?! — 0-2762 + 0-2762 cos ?,) 
ind the total moment is 

Ml =* — 4r 2 ( ? ). (—-2-276 sin 1 ?, — 2-276 sin 2 ?, cos 2 ?, — 

— 4-552 cos 2 ?! + 3-622 cos ?, + 0-2357 sin ? ( + 0-9655) 

The moment diagram on the equivalent determinate structure due to assumed lateral 
>ad of a = 1 t/m is illustrated in Fie 4/42 


Fig. 4/42. Moment diagram on the 
equivalent determinate 
structure due to the 
lateral load 

The relative rotation of the elastic centre due to the lateral load is 

90“ 90“ 

*oi = j M 0 ds = -Jr 1 (- ycos 4 ? - -sin 2 ? cos 2 ?- y sin 2 ? 4- 04714 sin?- 

45° 45° 

*n 

- 0-4714 cos ? + 1J r d? -J 4r 2 (- 2-276 sin 1 ?, - 2‘276 sin 2 ?, cos 2 ?, - 4 552 cos 2 ?, + 
+ 3-622 cos ? 


1 ?1 

_ TSln2 £ +T )_ 

- 0-4714 cos ? - 0-4714 sin ? + ? J° - 8 r 3 1 + 2-276 _ cos ^ Sln3 ^ _ 

“ 2-276 -J j sin 2 ?i d?! - 2-276 !!_ n J^ C0S ^ _ 2 - 2 76 JJ sin 2 ?, d?, - 4-552 (i- sin 2 ?, + 
1 ) 

+ Y ?! I + 3-621 sin ?, - 0-2357 cos ?, 4- 0-8655 ?, = 


cos 2 ? d? 


2 sin 1 ? cos ? 

1 4 


2 1 r 


sin 2 ? d? — 


, 4- 0-2357 sin ?, 4- 0 9655) 2r d?, = - r 3 ~ — 


sin ? cos 3 ? 
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= —r* 


sin £ cos 3 ( 1 . £ sin 3 £ cos £ 1 £ 1 

6 8 Sm2{_ 4 6- + U Sm2i ~V2 + T S ' n2i ~ 


- y £- 0-4714 cos £-04714 sin £ + £ 


C-“[” 


cos ij sin 3 £, + 


I 2 276 x 3 „ jn ,, 3 x 2-276 2-276 2-276 . 2-276 . 

+ j6- Sln -§- f t-4 Sl " 3 «i cos fi + -jg- S'" 2£,-— f, - 

4 552 . 4-554 . i*/s 

- 4 — sin 2Jj--— £ x + 3-621 sin £ x - 0 2357 cos £ x + 0 09655 £ x 

Jo 

turning to numerical values 

Ooi = - 0 02859 r 3 - 0-3183 r 3 = -0 3469 r 3 
The relative horizontal displacement of the elastic centre is 

a 02 = J*M U m 2 dr = j A/ 0 ' [c, — r (1 — cos £)] r df + ^M" 0 (c, - r - 2r sin £,) 2 r d£ x = 

90° 

= r3 f\~ y cos4 f - y sin 3 1 cos 3 { - -1 sin 3 S + 0 4714 sin f - 0 4714 cos f + l)(c,- 

45° 

4>n 

- r + r cos |) df + 8 r 3 J"(- 2-276 sin 1 f, - 2-276 sin 2 1 , cos 2 f x - 4-552 cos 2 f, + 

0 

+ 3-621 cos fj + 0-2357 sin f x + 0 9655) (c f — r - 2r sin f,) df x = 0 02859 (c, — r) r 3 + 

+ r> | f~ y cos 5 S - y sin 2 f cos 3 c - y sin 2 1 cos £ + 0 4714 sin f cos S - 0 47l4cos 2 ( + 

+ cos fj df+ 0-3183 {c, - r)r 3 - 16r 1 j (- 2 276 sin 5 £ x - 2 276 sin 3 £, cos 2 f, — 

- 4-552 cos 2 f, sin £, + 3 6214 cos £ x sin | x + 0 2357 sin 2 f, + 0 9655 sin f x ) df,= 

= - 0 02859 X 0"292r 4 + r' y — ^ OS> * _ JL ^ sln ^ cos 2 | + _2 sjn ^ j _ 

- ~ sin 3 f cos 2 f - - 4 - S ‘" a| - y + 0-2357 sin 2 £ - 0 4714 (i- sin 2£ + £/2j + 

+ sin £ -0-3183 x0-292r 4 -16r 4 +2 276 cos Sln4 4 x 2 276 f cos^sm 2 !, 

is" 5 5 I 3 


— yCOs£, — 2-276 — 


sin 2 £, cos 3 £ x 2 cos 3 £, 

5 J 3 


+ +552 3-6214 2**!- 

3 2 


+ 0-2357 - y sin 2 £ x + i- £ x - 0 9655 cos f, 


• 

- <1 = 0 
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turning again to numerical values 

a„ : = — 08347/- 4 + 000437/- 1 — 009295r 4 — O' 1606;- 4 = — 0-2588r 4 (ij); 


a 01 

0-3469r 2 



= + 0 1473r 2 (q). 

Oil 

.2-356 

Q(j2 ' 

0’2588r 4 


0.,., 

0-7366/-- 

= + 0-352 r(q). 


The bending moments due to the assumed lateral load are illustrated in Fig. 4/43. All 
values are to be multiplied by r-. 


Fig. 4/43. Moments due 
to the lateral 
load 



4. We now have to investigate the horizontal displacements at the points where the section 
is widest, due to an assumed vertical load of p = 1 t/m and due to the assumed lateral load 
of q = 1 t/m. 

(a) The horizontal displacement due to load p is 


<5„ = <5o + 0i + d 2 


where d 0 , S t and <5 2 are the displacements of the equivalent determinate structure due to the 
vertical load p and the redundants X t and X,, respectively. 

Once again it is best to compute the displacements with the equations of virtual work. 
Assuming a fictitious horizontal force of 1 ton the moment diagram is determined and used 
in the above equation (Fig. 4/37). 

M„ — + 2r sin f 2 , 


4 r- 
~EJ 


I cos f! ] 
L 


" 4r 2 

= £7 


(1 - cos </>„), 


fM„m l 4r 2 f 

Sl= J-Ej- ds ^- E jJ SnUldfl 
0 

M £j ~ d,s = ~E7 j 2r sin ^ ( r ~ c, + 2r sin W 2r = ~j?j f sin fi' 1 _ 

- y + 2 sin fij d{j = ~ cos + y cos { t + 2 -i- sin 2{, + ^ j 


* 
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L r a r j 

4 r 3 17 c,\, 1 1 

= £7 [ 1 - —J(! - cos - Y sin 2<£„J , 

= j —ds = j^2r sin <f l |-y + 2r 2 (1 — cos £,)J 2 r d« x 

= 77 [y cos ^ ~ 2 cos ~ s,n H = 77 (y - y cos 

substituting the above results into 

<5p = 6 „ + <5 X + <5 2 


A, = [V5— 1-5 X 0-9238- 

EJ 

4 r- 4 r* 

6 ‘ = 77 (1 - cos ^> X4 = 77 


-0-14644] : 


-0 1290-£-(?), 




Yj- (1 — 0-92388) 0-317 = 0 0965 (p). 


s <t>,) + <t>„ — y sin 20„ 


~ sin 2$„ 0-145/- = 


4,-4 

— [0-292 (1 


0-9238) + 0-3927 — 0 3535] 0 245 = 0 060 — (p), 

EJ 




(- 0 


11290 + 0 0965 + 0 060). (p) = 


+ 0 0275 ~ (p). 
EJ 


(b) The horizontal displacement due to the lateral load q is 

6, = + (5 X + S s , 

where (5 0 , d x and <5, are the displacements of the equivalent determinate structure due 
lateral load q and to the redundants X t and X.,, respectively. 

(5 0 = f — " j u - ds = -^y J" [— 2-276 sin 4 £ x — 2‘276 sin 2 c x cos 2 £ x — 4’552 cos 2 Z 


1 C r - 

-f 3-621 cos Zi + 0-2357 sin c x -f 0-9655] 2 r sin £ x 2r d£ x =- 

EJ 

— 2'276 sin 3 Z x cos 2 Zi — 4‘552 sin { x cos 2 £ x + 3-6214 sin Z x cos 


— 2'276 sin 3 Z x cos 2 £ x — 4'552 sin Z x cos 2 Z x + 3-621< 

0-9655 sin { xl d< x = f + 2 2762 

EJ i 5 


16r 4 r 

2 r sin Z\ 2 r d{ x - ——— [— 2-276 sin 5 

EJ J 

Z x + 3-6214 sin f x cos Z x + 0-2357 sin 2 
os Z x sin 4 Zi 4 x 2-276 ( cos Z x si 

s r 


-}c°s{ x )- 


2-2762 


n 2 c x cos 3 f x 2 cos 1 


is 3 it ) 

H +4 


cos 3 c, 

•552—y2i- 3 62 


/I 1 'l 

- 0-2357 — sin2{ x + — Z,\ —0-9655 cosij 

[4 2 J 


-0-1620 
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<5, 


r* r* 

-0-3044 X 01473 = 0 0448 — (q). 


f>, - 0 352 X 0-2455 ~ = 0 08642 (q). 

d„ = I' (— 0-1620 + 0-0448 + 0 0864) (q) = — 0 0308 ' (q). 


5. In the next step we shall now equate the structural deformation to the elastic compression 
of the ground, where the section is the widest. 

~r = d, + q&<, 

hence 


<5, 

0 0275 £7 

00275 

1 

1 r 4 

EJ 

— <5, 

-h 0-0308 - 

-b 0-0308 

C * 

C EJ 

Cr< 

EJ 

3 000 000 X 0 0104 

00077, 

~CV' 

= 50000 X 81 


0-02751 

00077T1F0308 


0-714 t/m- (0146 k/ft-). 


Thus, the magnitude of the lateral pressure has been determined. 

A"! = (+ 0-317 p + q 0-1473 X 0 714) r-, i.e. with q = p = 1 t/m, X„ = 0 422 r.. 

X 2 = (+ 0-245 p + q 0-352 X 0-714) r, i.e. with q = p = 1 t/m A", = 0 496r. 

The bending moments due to the assumed lateral load are illustrated in Fig. 4/43. All 
values are to be multiplied by r~. 

The moment diagram on the laterally elastically supported structure with fixed ends is 
illustrated in Fig. 4/44. All ordinates are to be multiplied by r 2 . 




Fig. 4/44. Combined moment diagram due to vertical and lateral loads, for a structure with 
fixed ends and elastic lateral ground support 


12 Szichy: The Art of Tunnelling 
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The calculation is next to be extended to consider the elastic constraint at the ends. 
The rotation of the end section due to a moment of 1 t/m (7-23 ftk) is 



1 

50 000 x 0 0835 


000024 


The moment of inertia at the fixed end is 


/, = 0 0835 m 1 (200 600 in*). 


1. Consider the relative movements on the structure with elastically constrained ends 
and multiply them by EJ 

a \i = a„ + /5, = 2 356r + 0 00024 X EJ 

EJ = 3 000 000 x 0 0104 = 31 260 tm 2 (741 600 ft 2 k); 

a',! = 2 356r + 0 00024 X 31 260 = 7 068 + 7 50 = +14 57, 

«21 = p x y c = 0 00024 (0-292 + 0 7654) 31 260r = +23-73, 

“d 2 = a ,, + fty? = 0-737r 3 + 0 0024 X 1-0574 2 x 3 1 260E- = 19-90 + 75 2 = 95-10. 

2. The relative movements a’ ol and «d 2 , due to the uniformly distributed vertical load p are 

a' al = - 0-745r 3 - 0 00024 EJ x 0-3478/- 2 = -20 1 - 23-5 = -43 6 ; 

“d 2 = - 0180r* - 0.00024EJ X 0-3478r 2 x l’0574r = -14 6 - 74 5 = -891. 

The redundants *, and X. are calculated from 

“di + “u *, + a', 2 * 2 = 0, 

+ 0,1 X , + ttgg ^2 ~ 0, 

-43-6 + 14-57X! + 23-73X, = 0, 

— 89 1 + 23-73X, + 9510X, = 0- 

23-73X. = 43-6 - 14 57*, Hence X, = 184 - 0-615*,, 

-79-1 + 23-73*, + 175 0 - 58 5*, = 0, 

34 - 77*1 = + 85-9 and hence *, = +2‘47 tm (17 87 ftk), 

*2 = 1-84 — 0-615x2-47 = 0'32 t (0 705 kips). 

Consider now the structure with elastically constrained ends under the lateral load q = 1- 
t/m (0-672 k/ft) 

"di = —0-3469r 3 - 0 00024 X 31 260r 2 x 0 733 = - 9'36 - 49-5 = -58 86 , 

“02 = —0-2588)-* - 0 00024 x 31 260 x l-057r x 0 733 r- = -21 0 - 157 0 = -178 8 , 
58-86 

*2 = 23 ^ 3 " “ °' 6152r i = 2 49 ~ 0-615*,. 

-178 0 + 23-73*i + 237 0 - 58'5*, = 0. 

*, = +1-70 tm (12-3 ftk) and *, = + 1-44 t (317 kips). 
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The moment diagram due to the uniformly distributed vertical load and for elastically con¬ 
strained end conditions, without considering lateral support, is illustrated in Fig. 4/45. All 
ordinates are to be multiplied by r 2 . 

We proceed now to compute the horizontal structural deformation at the points where 
the section is widest. 


Fig. 4/45. Moments due to vertical load 
for elastically constrained 
end conditions 


I 



Owing to the vertical load p = I t/m (0'672 k/ft) 

d, = d 0 + + i, = Py c , 

do = -0 1290 —- + 0-3045 —2-47 4- 0 245 —0 32 + 0-362 X 0 00024 x 0-7653 , 

P EJ EJ EJ 

= (- 1 160 + 0-752 + 0-235) —• + 0 0000666 = - 0 0000498 + 0 0000666 = 

31 260 

= + 00000168. 

Owing to the horizontal load of q = 1 t/m (0 - 672 k/ft) 

= — (- 0-16206;- 2 = 0 3045 X 1-70 + 0 245 X 1 44r) - O'34 x 0 00024 X 0-7653 = 


= 0 0000331 - 0 0000626 = -0 0000295, 



00000168 

000002 + 00000295 


= 0-34 t 


(0-75 kips). 


With the value of q determined the redundants and X„ are 

X v = (2-47 + 1-7 X 0-34) = 3 05 = 0-339 r 3 
Xo = (0-32 + 1-44 X 0-34) = 0-81 = 0’27 r. 
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Fig. 4/46. Combined moments 

for elastically constrained end 
conditions and elastic lateral 
support 



Fig. 4/47. Moments at the 

crown as a function of structural rigidity and ground elasticity 


The moment diagram considering elastic end constraints as well as elastic lateral support 
is illustrated in Fig. 4/46. All ordinates are to be multiplied by r 2 . 

For variable structural rigidity and ground elasticity the bending moments are a function 
EJ 

of the ratio ——. For a structure with fixed ends the moments at the crown are illustrated 
Cr EJ 

in Fig. 4/47 as a function of the ratio — — . From the graph it would appear that the moment 

for a laterally fully supported structure is 0053 r-. In the case of no lateral ground support 
the same moment is 0T44 r- i.e. 2-7 times of what it was before. The coefficient of subgrade 
reaction and the structural rigidity have only a lesser effect on the moments. 

EJ 

Generally speaking it can be concluded that if ^ 4 is less than O'l, the elastic lateral 

ground support might as well be neglected and the monolithic arch can be treated as if not 
supported at all (laterally). For a summary of the above results see Table 4/II. 
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Table 4/II 



Max. moments 


Crown 

Quarter point 

Springing 

Fixed ends, no lateral support 

+ 0-144r 2 

-0131r* 

-K)"228 r 1 

Elastically constrained ends, no 
lateral support 

+ 0-200/- 2 

— 0194r 2 

+ 0040r 2 

Fixed ends (1806 lb/in 3 ) 
with lateral support (C = 50 kg/cm 3 ) 

+ 0-071 r 1 

-0061r 2 

+ 0-078r 2 

Fixed ends (181 lb/in 3 ) 
with lateral support (C = 5 kg/cm 3 ) 

+ 0118/- 2 

— 0107 r 2 

+ 0-174r 2 

Elastically constrained ends 
with lateral support 

+ 0-148r 2 

-0129r 2 

+ 0-027r 3 


4.3. DESIGN OF CIRCULAR TUNNEL SECTIONS 

4.31. GRAPHICAL INVESTIGATION 

A graphical method for the investigation of circular tunnel sections of arch¬ 
type construction is given below (Fig. 4/48): 

The dimensions of the circular section are to be-assumed on an empirical basis, 
followed by the calculation of the self-weight and the horizontal and vertical 
external loads. The section is divided into elementary strips and the components 
acting on each strip are converted into a resultant. The problem is one of construct¬ 
ing a funicular polygon with a pole at point O. The location of O is not known 
as yet but the total polar distance is known to be equal to H i.e. to the sum of 
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the lateral loads. The position of O shall now be varied in such a way as to arrive 
at a thrust line contained within the inner third and at the same time to result in 
a set of H 1 and H 2 that will satisfy the equations of equilibrium below. If this 
proves to be impossible then the wall thicknesses have to be modified accord¬ 
ingly. 

Thus, the problem is how to locate pole O since H 1 and H 2 are unknown. They 
can be calculated, however, from the equations of equilibrium. Taking the moments 
of the external loads about point O x for example, (i.e. about a point in line with 
one of the unknowns, H 2 ) the other unknown can readily be obtained. 

Moments about point O x 

I Vi - ^ G , 9, ~ Hih = 0, 

1 / _ X Ei e i X 9i _, TI sr r- ,t 

«i -—^-and H 2 = £ E h - H x . 

In Fig. 4/48 the formula for maximum and minimum stress in the wall due to 
an eccentric external load is repeated for convenience. 

Because of the lengthy, awkward and inaccurate procedure involved, the above 
graphical investigation is rarely used today. 


4.32. APPROXIMATE METHOD FOR THE CALCULATION 
OF RING SECTIONS 

43.21. Design by Dividing the Section into Segments 

Should the tunnel be constructed in the classical manner, i.e. the roof, wall 
and bottom sections are built separately, then their analysis can be performed in 
a similar way to that outlined under Section 4.21. 

The roof section (i), the walls (ii), and the base (iii), are designed separately 
assuming fixity at the connections and considering the reactions as external forces 
on the supporting member. As a result of the construction, the shape of such 
sections is far from being an ideal ring. As the walls have to transfer the roof 
loads to the subgrade until the bottom section is formed, their bases have to be 
built wider in order not to exceed the bearing capacity of the soil. The connecting 
base section itself is seldom a perfect ring segment. Thus, in fact, only the inner 
surface has a circular shape (see Fig. 4/49). The finished circular section is then 
analysed as a monolithic ring. As most of the external forces will develop and 
act on the unfinished or rather the not yet continuous section, it has to be estab¬ 
lished what portion of these forces will also be acting on the finished structure. 
This depends mainly on the rate of the consolidation of the surrounding soil 
and the rate at which the rock pressures develop. In loose granular soils or soft 
saturated silty clays, in practice there will be few, if any, forces acting on the final 
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section. However, in hard clays or solid rocks, experience indicates that both the 
vertical and horizontal forces are steadily increasing even several months after 
construction. Therefore, depending on the speed of construction, 20%-40% of 
the final pressure can be considered to be transferred to the completed ring section. 
The analysis of the monolithic ring will be discussed later (Section 43.22). 

If the soil surrounding the sec¬ 
tion is soft and saturated, in 
which case the pressures are near¬ 
ly hydrostatic, and there is no 
significant difference between the 
pressure on the top and the bot¬ 
tom, then the pressure distribu¬ 
tion is assumed to be uniform 
and acting normal to the section. 

This, of course, is the most fa¬ 
vourable loading condition as 
only normal forces are produced 
in the ring section. The greater 
the difference between the verti¬ 
cal and lateral forces, the less 
favourable will be the stress dis¬ 
tribution in the ring. This is 
usually the case in hard or dense 
soils. However, even under these 
conditions, if the walls of the 
ring are built against the soil without leaving voids between, then the lateral 
earth pressure will be replaced by the lateral earth reaction. On the other 
hand, if voids are left between the structure and the soil, the moments at the 
springing and the crown will be considerably increased (Section 63.225). 

It is often necessary to provide an independent water-sealing ring on the inside 
for the completed tunnel section. This is designed to take the full hydrostatic 
pressure. 

The pressure distribution on this internal ring is illustrated in Fig. 4/49, and is 
shown to gradually increase in intensity with depth. The loading diagram acting 
on the outer section as a result of the vertical and lateral earth pressures, is also 
given on the left-hand side of Fig. 4/49. 


Loads on the outside wall 



Fig. 4/49. Loads on a circular tunnel section 
constructed in stages 


43.22. Design of a Monolithic Ring Section 

The stresses in a tunnel section acting as a closed ring, i.e. an indeterminate 
structure with three redundant reactions, can be determined exactly. In the fol¬ 
lowing section, however, certain approximations will be made, namely, the magni¬ 
tude of the supporting earth reactions will be arbitrarily selected and assumed 
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to be independent of the deflection of the ring. In addition, the ring section will be 
assumed to remain constant. 

The first step is to bring the structure to a statically determinate condition by 
cutting it through at the crown. The ring can be considered now a curved 
cantilever beam, - fixed at the left and free at the right side of the cut - which 
upon the effect of the released internal stresses would tend to move at its free 
end. To prevent the movement, three unknown forces X lt X 2 and X 3 are applied 
at the elastic center a which is considered to be connected to the free end by rigid 
brackets. Upon the application of these forces, neither rotation nor horizontal 
or vertical movement at the free end can occur (Fig. 4/50a). 



To determine the unknown forces X lt X 2 and X 3 , first a unit moment system 
x \ = ±1 tm > then a unit horizontal force system X 2 = +1 t and finally a unit 
vertical force system X 3 = +1 t is applied at the elastic centre. 

As a further step, the rotation as well as the horizontal and vertical displace¬ 
ments a lu a 22 and a 33 can be found successively upon the effect of these unit 
force systems. Further the rotational a 01 , horizontal a 02 , and vertical u 03 displace¬ 
ments caused by the external forces at the free end are determined. Finally, 
to express the fact that the forces X lt X 2 and X 3 bring the elastic centre back to 
its original position, the following expressions can be written: 


a u x i + a oi = 0 

from 

where 

x i = 

— a 01 

Oil 


°22 X 2 "b (*02 — 0 

from 

where 

X 2 = 

~ a 02 

a 22 


a 33 %3 + a 03 ~ 0 

from 

where 

*3 = 

~ a 03 

a 33 

(4.56) 
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And since the loading is symmetrica) 

a 03 = 0 and hence ^3 = 0 

The displacement factors can be calculated by use of the virtual work equation: 


a 0 , ~ M„m dj, a n2 = M 0 m 2 ds . 


a u — | »ii, di, and a 22 = j m\ds. 


(4.57) 


Where M 0 designates the moments created in the statically determinate cantilever 
beam by the external forces and similarly m 2 and m 3 are the moments caused 
there by the imaginary unit moment and the unit horizontal and vertical forces, 
respectively. The moment diagrams caused by these unit forces are illustrated 
in Figs 4/50b-d. 

The moment and axial thrust at any sec- _ v __ 

tion then follow from statics: 



Moment: M = M 0 + X x + X 2 y. 

Thrust: N = N 0 + X 2 cos a. 

When considering the external forces act¬ 
ing on the section not only the earth and 
water pressures should be taken into account, 
but consideration must be given to the mag¬ 
nitude and distribution of the subgrade re¬ 
actions. The simplest case is when we as¬ 
sume that the reaction is the mirror image 
of the external loading, which in many cases, 
of course, is not true. In hard soils the re¬ 
action is more concentrated and in loose or 
soft soils is more evenly distributed. But in 
any case, this method enables us to determine 
the moments on the statically determinate 

beam for any reaction distribution and thus to obtain the displacement factors 
a 0 i, a 0 , and a 03 for the given case. 

For a closed ring with a u ni form cross-section the unit displacement factors 
are given by the following equations: 

The displacements caused by the unit forces acting at point a if y = r cos a and 
x = r sin a, (Fig. 4/51) 


Fig. 4/51. The analysis of the 

determinate system of 
a symmetrically loaded 
ring girder with 
uniform wall thickness 
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«n= [ 


1 ds = 2rn ; 


2it 


2n 



0 


J r 2 cos 2 ar da = 

o 


2* 

1 . a 

1 1 cos 2 a da = /- 3 

— sin 2a + —- 

J 

0 

4 2 


(4.58) 


1. The stresses in a closed ring, with a uniform thickness caused by the sym¬ 
metrical and uniformly distributed load as illustrated in Fig. 4/51 can be deter¬ 
mined as follows: 

First the moment created by the uniform pressure p on the determinate struc¬ 
ture will be calculated 



9 • 9 

pr~ sin a 
2 ' 



p 


Fig. 4/52. Moment diagram for the determinate 
system form a uniformly distributed 
vertical load 


The moment diagram is shown in Fig. 4/52. The displacement factors: 


«ot = 2 | M 0 ds = 
0 


n 

J pr 3 sin 2 a da = 

6 


= -Pr 


3 


1 

4 


sin 2 a + 




(4-59) 
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a 02 = 0 and a 03 = 0 as the positive and negative areas of the m 2 and m 3 moment 
diagrams are equal. Consequently x 2 = 0 


Xy = - 


fl oi 

«n 


9 

npr pr~ 

2-2 rn ~ 4 


The moment at any section 

o 

M = M 0 + Xi = —7~ (l- 2 sin 2 <*). 


or expressing it with 2a M =■■ A cos 2a (Forchheimer equation) (4.60a) 


The axial thrust of any section is 

N = N 0 = —px sin a = —pr sin 2 a. (4.60b) 

The final moment and thrust diagram for the continuous statically indeterminate 
ring is illustrated in Fig. 4/53. The same figure gives typical values for moments 
and thrusts which could be used in approximate calculations. 


Fig. 4/53. Moment and thrust 

diagram of a continuous ring beam 


Thrust Moment diagram 



2. To complete the picture, the stresses caused by the dead weight of the ring 
should also be investigated. If the unit load on the developed section of the ring 
is g and if we assume that the soil reactions are uniformly distributed along the 
full length of the projection of the horizontal diameter, then according to 
Marquardt , 4 4 in the top section, where 0 < a < n/2 


4-4 Marquardt, E.: Handbuch fiir Eisenbetonbau. IX 429 and 447 
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2 3 .5 

M oi — 9 r - 5 - Jt — a sina —— cos a , 
o 0 

cosa I 

= gr asina-— , 


(4.61a) 


and in the bottom half section where n/2 < a. < n 


Mo x =gr 2 |^( 7 r - a) sina - sin 2 a - ~ cosa - , 


N' x = gr it sin 2 a - (n - a) sina 


cosa ] 

6 J 


(4.61b) 


It should be noted here that experience in subway construction in Budapest and 
other cities indicates that the stresses are the most severe in the top section, 
as the sides and bottom of the ring appear to get sufficient elastic support from 
the surrounding soil, to counterbalance ring deformation. 

3. The analysis of the ring section for the hydrostatic triangular loading case 
illustrated in Fig. 4/54 is as follows: 





Fig. 4/54. The moment diagram 
of the determinate 
structure from the 
triangular loading 


.r 


The moments on the determinate structure are: 


-pAr-yf 


Pei'-y) 
2 r 
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M 0 =- 


p e r 2 (1 - cosa ) 3 


Fig. 4/54 shows the moment diagram of the determinate structure for this loading 
condition. 

The relative movements 'of the elastic centre a (displacement factors) are as 
follows: 

f p Pe r3 (1 — cos a) 3 p e r 3 \ 

a 01 = 2 I dj = - 2 j- -~2 - da =-g— a - 3sma -i- 

o o L 

I 1 . a sin a cos 2 a 2 . 1 * = * 

+ 3|—sm2a + —|- 3 - 

5 3 

= --7^*P'r 3 ; 


p p p e r 2 (l — cosa) 3 p e r* } 

a 02 = 2 J M 0 yds = + 2 | --- -rcosarda = ^ J (cos a - 

00 0 

— 3 cos 2 a + 3 cos 3 a — cos 4 a) da = + — J^sin a — 3 sin 2a + —| + 

lsinacos 2 a 2 . 1 sin a • cos 3 a 3 . 3a l®"* 

+ 3 —- + TH- T -16 sm2a - tL" 


“l6* Ar 


a 0 i , 5np e r 3 


X x = -— = + 


12 ■ 2 rn 24 


= + TrPer > 


v a 0 2 , 571 p e r* _ 5 _ 

*2 = -— 4—r7“3— = + ~rz P‘ r ‘ 

a 22 16r 7r 16 


The moment at any section M = M 0 + X x — X 2 r cos a is: 


Pe r (l -cosa ) 3 5 „ 5 2 

4 12 24 *• 16 ye 


[— 4(1 - cosa) 3 + 10 - 15 cos a]. 


(4.62a) 
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The thrust N — N 0 — X., cos a is: 


N =p x (r - y) 


1 

2 


cos a — X 2 cos a = 


p c r\ 1 — cosa) 2 

- cos a — 
4r 


^ p e r cos a = - cos a [4(1 — cos a) 2 — 5]. (4.62b) 


The triangular loading as well as the moments and thrusts induced by this loading 
are illustrated in Fig. 4/55. 



Fig. 4/55. Moment and 

thrust diagram of the continuous ring beam 


4. The stresses due to a trapezoidal earth pressure distribution can be obtained 
by the correct summation of cases 1 and 3 (—1 and +3). For the sake of sim¬ 
plicity the end results of this summation are given below: 

The moment at any point between 0 and n is 


M a = -V* a r 2 U 

and the thrust is 


r l 

sin 2 a \ 

t - 

— + /• cos a 

L 4 

2 ) 


sin 2 a 1 \ 

6 24) ’ 


sin 2 a 3 V 

N a = — yk a r t cos- a + r cos a —--— 

2 ° / J 


(4.63a) 

(4.63b) 


where t = the distance measured from the ground surface to the centre of 
the ring 

k a = the coefficient of active earth pressure 
y — the unit weight of the soil. 


Accordingly, the earth pressure at the crown level will be: 


U - r ) yk a = 
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and at the invert level: 

0 + r) = e 2 . 

5. The stresses in the ring due to water pressure can be calculated by considering 
first the stresses caused by the uniform water pressure acting at the top level of 
the section, and then considering the crescent water pressure diagram below the 
crown level. 

The water pressure acting at the crown level will be uniformly distributed and 
radical to the section and from it only normal axial stresses will result. If the height 
of water column above the crown level is h, and y w is the unit weight of the water, 
the axial thrust in the ring will be N = yjir. 

As a result of the crescent pressure distribution of the water pressure below 
the top of the ring, as indicated on Fig. 4/56, bending moments will be produced 



in the section in addition to the normal forces. Considering this loading case alone 
the section appears to be labile, as it tends to rise as a result of the uplift forces. 
This, in fact, is resisted by the dead weight of the ring and the soil reaction acting 
at the top plane, and is indicated by the triangular pressure diagram on Fig. 4/56. 
However, as the ratio and distribution of these balancing forces can be quite 
variable the analysis is carried out first considering the water pressure acting 
alone with an imaginary downward pointing reaction at the invert, and then con¬ 
sidering the triangular shaped pressure diagram of the balancing earth reaction 
replacing the uplift forces with a single point load at the invert level. The super¬ 
position of these two, or rather three, if the dead load condition is included, 
loading cases will give the correct answer. In the summation, the vertical reactions 
assumed to be acting at the invert, will cancel each other since they are equal 
but opposite in direction. 

First the crescent loading diagram is considered, assuming a vertical concentrated reaction 
acting in the vertical axis. 
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The section is reduced to a determinate structure by cutting it through at the crown. 
The moments and moment diagram of the determinate structure can be calculated as shown 
in Fig. 4/57a. 

The elementary load on a ds element is 

P* d* = y,r (1 — cos 4>) rd<f> = y r r 2 (1 — cos <j>) d <j>. 

The elementary moment of this unit load about point A is 

= JV" (1 cos <t>) d <f> r sin (a — </>) = — y,r 3 (sin a cos <p — cos 2 sin <j> — 

— sin a cos 2 4> + cos a sin </> cos </>) d<£. 



Fig. 4/57. Crescent loading with the concentrated reaction acting at the invert and the moment 
diagram of the determinate structure 


The moment of all forces acting from the left of A is 


M„ ~ J Vr rJ (sin 2 cos <j> — cos 2 sin <j> — sin a cos 2 <j> + cos a sin <)> cos <t>) d <t> — 


= —y,r 3 j^sin 2 sin <t> + cos 2 cos <f> — sin 2 sin 2<j> -f + 
1 sin 2 2 

= — y r r 3 j^l — cos a- y sin aj . 


cos 2 - 


sin 2 <)> 


* = * 

* =0 


1 0L 1 I 

= Yr 2-3 1 sin - 2 + cos 2 2 —— sin 2 2 cos 2 -— sin 2 -+■ — sin 2 2 cos 2 — cos 2 1 


The moment diagram of the determinate structure is illustrated in Fig. 4/57a. Having 
established the moment diagram, the relative displacement of the centre of the annular beam 
can be determined. For a ring of constant cross-section the elastic centre a coincides with the 
geometrical centre of the ring 
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a oi 


It It 

= 2 | M 0 ds = -2 jV„r 3 |l - cos a - y sin aj rda = -2 y„ r 3 1 a - sin * - 

HI- 


0 

—^-| — a cos 3 + sin 


■nr* y,. 



r 

r /| 

, a . \ 

Q 

o 

N 

II 

N> 

Af 0 m 2 ds — 2 

I M u r cos a r d a = — 2y, r 5 1 | 

1 — cos a-— sin a 


[ 1 a 1 
sin 3 -sin 2a--— — (-2a cos 2a + sin 2a) 

As a next step the imaginary forces X x and X, are determined. 


1 ~_ 

J*=o 


■ ny r r° 


*1 = 

aoi . nr * V, 

r 3 

• -4- — v 

a u 2rn 

+ 2 V ' 

X 9 = 

a, l2 'inr^y. 

11 

4- 

'1 w 

^ 2 

a 22 4r 3 n 

4 


And finally the moment at any section of the statically indeterminated annular beam is 
M = M 0 + X x m x X 2 m x = -r 3 y v (l - cos a - y sin aj - y r 3 cos ay, + = 


= — — (2 — cos a — 2a sin a) . 

4 

The variation of the moment on the annular beam is illustrated in Fig. 4/58. 

Returning to Fig. 4/56, we now assume that the distribution of the soil reaction opposing 
the uplift pressure acting on the section, is triangular. To satisfy the requirements of statics. 


Fig. 4/58. Moment 

diagram of the ring girder 



M- *0-285r v r 3 
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the equilibrium of the section is temporarily restored by an imaginary reaction-force at the 
bottom (Fig. 4/59). 

First, the moment diagram for the determinate girder is computed. 



Fig. 4/59. Triangular loading with the balancing 
concentrated force (R) and the moment 
diagram of the determinate structure 



In the bottom section if 

rr/2 < it < it 


= -^((sin«-±). - 

The variation of the moments on the determinate annular beam are given in Fig. 4/59b. 
Next, the relative displacements are determined. 


,, P r ( ■ r 

= - — rsin or - — 
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*/Z n/z 

a 01 = £ Jm 0 ds = 2 j*- ^ g - (3 - sin a)rda + 2 j"— [sin ot — y j rda = 

"o '» 

pr 3 f 3 3a cos a sin 2 a 2 1* = * / *- „ i a 

— T [- 7 s ” 2 “ + -2 + -5-+ T " l" cos * “ Tj„. " 

n/2 

fl 0J = J] j Af„ y ds = — 2 J Pr ^‘ n -(3 — sin a) r cos a rd a — 

0 

pr 3 ( 1 \ , /v 4 1” . , sin 4 a‘l* = * / * 

• - 2 I — I sin a-—I r cos a rd a, — 1 —| sin 3 a--— j — 

n n 

, f sin 2 a sin a 1“ = ’' pr* pr 4 pr 4 

- + -r---ir- 

The X x and X 2 forces will be 


°lll 

pr 3 f 

71 

+1) 

Oil 

6 rn 1 

T 

+ 3j 

a 02 
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pr 

°22 

12?ir 3 
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At any point the moment: 


if 0 < a < —, 
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pr 1 

+ — cos ® = 
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1 

14 

cos al 
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9ji 
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pr 2 ( 1 

, 7 \ 
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V h: 

- + —-I 


6 ^ 4 

3 7l) 
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14 
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T 

9ji 
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The final moment diagram is shown in Fig: 4/60. 

The stresses from the crescent-shaped water pressure are determined by the 
gUperposition of these two loading conditions if p is replaced by p = y v nr. 


23 * 
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Fig. 4/60. Moment diagram 

of the annular beam for a crescent loading 


For the combined loading for X 1 and X-, we obtain: 

y v r z In 8 


r r 3 y„n I 1 7 


* = t* + 6 


4 + 37t, 


= + 




3 

5y r r 2 


8 + 3 


n. 

The moment at any section if 0 < a < —, 

v r 3 v n r ^ 

M x =- l -— (2 — cos a — 2a sin a)- v —— 


„ . , 2. 3 1 14 

2sm- a - — sin a —---- 

3 6 9n 


cosa 
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y v r 


2n sin 2 a —.— it sin 3 a — 2a sin a 


n 4 
-cosa - — + — 


and if n/2 < a. < n 


M t =- 


yy I 

2 — cosa — 2a sin a 

i i 

y»r 3 | 

' 

2n sin a - 

5n 

14 

cos a | 

4 ' 

4 1 

6 

9 

3 I 

= 

y i •** 

- -— 2n sin a — 2a sin a — 

4 

4 

— cosa 
3 

571 4 

~~6~ + T 

( 


(4.64) 


The moment diagram is shown in Fig. 4/60. 


43.23. The Hewett-Johannesson Method 

In the previous paragraphs we have discussed the design of an annular beam 
which was considered to be independent of the surrounding soil mass and acted 
upon by arbitrarily assumed loads. The following method which was developed 
for tunnels built by the shield method takes the lateral support and interaction 
of the soil into consideration but is quite arbitrary when assuming its distribution. 
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It assumes that its value and distribution will be such that it will adjust the centre 
line of the section to coincide with the thrust line, and thus no moments will be 
created in the section. It is obvious that this method, too, can be regarded only 
as an approximation and its use is limited to hinged sections composed of segments 
such as the liner plates. 

The method regards the tunnel section 
as a continuous rigid structure, analyzing 
it for both the long-term and the short¬ 
term (i.e. during construction) cases. 

Fig. 4/61 illustrates the loading condi¬ 
tions assumed for the long-term case. 

The loadings shown in the diagram 
are the full earth and water pressures of 
which the values of the lateral earth pres¬ 
sure alone are assumed to be unknown. 

Upon the effect of the external loadings 
the ring will undergo a deformation; it 
becomes shorter along its vertical dia¬ 
meter and expands along its horizontal 
diameter. This elongation, however, is counteracted by the passive resistance of 
the earth. The horizontal earth pressure, therefore, will have a value somewhere 
between the active and passive cases. The coefficient of horizontal earth pressure 
k will, thus, be 

X a < k < —, 

if X a = tan 2 (45° - </>/2). 

The value of k is chosen to satisfy the condition that there should be no moments 
in the section. Thus, for the long-term case, only normal stresses will be consid¬ 
ered. Should the above condition result in the value of k becoming less than X a 

then it is taken to be equal to X a and similarly k = -pis used on the calculation 

if its value is indicated to be greater than — . Naturally in these cases the condi- 

A’a 

tions that M = 0 cannot be satisfied. 

The validity of such lateral pressures is, of course, not substantiated theoreti¬ 
cally and is only justified by the flexibility of the ring and as a result of experience. 
However, in case of liner plates or cast-iron segments there is sufficient reason 
to make these assumptions, as such sections tend to act as a truly hinged struc¬ 
ture. 

In soft and saturated loose soils, the horizontal pressure is considered to be 
equal to the vertical pressure k = 1. 

Some typical loading conditions and the resulting stresses will be discussed below using 
the following nomenclature: (Fig. 4/62) 



Fig. 4/61. The final 

load acting on the ring 
(Hewett—Johannesson) 
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Fig. 4/62. The position 

of the liner plate tunnel 


a — the radius of the extrados (m) 
a l — the radius to the center line of the ring (m) 
b = the inside radius (m) 

V, — the unit weight of water (t/m 3 ) 

V = the unit weight of soil (t/m 3 ). Below the ground water table the buoyant weight 
should be considered 

W = the weight of the structure per lineal foot 

P = the uniformly distributed part of the vertical earth and water pressure calculated at 
the top level of the tunnel (t/m 3 ) 

Q — the air pressure in the tunnel (above atmospheric) (t/m 2 ) 
h x = the depth of water above the ground surface (m) 
h x = the thickness of earth cover above the centre line of the tunnel (m) 
k = the coefficient of horizontal earth pressure 
2-a — the coefficient of active earth pressure. 



1. Dead load condition: 

The calculations consider the stresses creat¬ 
ed by the weight of the top half only, as the 
bottom section is supported directly by the 
soil and therefore the moments due to the 
weight of this part can be neglected. 

The final moments in the indeterminate 
structure will be (Fig. 4/63) 

M = n 4 Wa v 

The value of n 4 in the upper section is 
_ 1 3 11 

«4- ~r + —-r-:— COS oc — sin or, 

•t 32 24.1 2ji 

and in the bottom section 

„ _ 1 1 cos 2 a' 1 , 

Fig. 4/63, Moments due to dead load — or 2 ~32 8 24 .t Sln * ’ 
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The thrust at any section can be 
computed from the following two 
expressions (Fig. 4/64): 

For the upper half 


N' = - W 


1 , « . 

-cos a H-sin a 

24n 2n 


and for the lower portion 


N’ — — W 


(sin a' 

COS 2 a' 

1 24 .a 

4 



2. The vertical earth pressure is 
taken to be equal to the full geostatic 
pressure. The pressure is calculated 
as the sum of the uniformly distribut¬ 
ed pressure at the top level of the 
tunnel (4) and the weight of the two 
earth-segments below the crown level 
(marked 2 in the diagram). The reac¬ 
tion (5) at the bottom is assumed to 
be uniformly distributed. The moment 
due to the uniformly distributed earth 
pressure is given by 


paa , 1 
~2 2 


sin 2 x 


or, more simply, 

M = n h p 


where 


"5 = 


1 

J 


sin 2 a 
2 


Values for the thrust are also given 
in Fig. 4/53. 

The stresses due to the weight of 
the earth between the crown and the 
springing are as follows (Fig. 4/65a): 

In the top section 


*■> 

Moments 


■P,-Y(l- r /4)3 



Thrust 


-0-Z15Y 3} 


Fig. 4/65. Moment and thrust diagrams 
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in the bottom section 

M” - 


1 

8 

71 

sin x' f 

> 71 \ 1 ■> - 

T 

9 71 

~32 

48 

l__j T c ° s - a 


M = n,ya. a- 


where n, is the expression between the brackets. Fig. 4/65b indicates the diagram of the axial 
thrusts. In the top half 


N' — ya 7 

and in the bottom half 

N" 


COS X 1 -X 

——-sin- a + — sin a sin 2x +- — sir. a ; 

48 4 2 

= ya\ — (l-—I cos 2 a' -— sin x' . 

[ 4) 48 


3. The lateral earth and water pressure diagram is assumed to have a trapezoidal shape. 
It is further resolved into a uniformly distributed and triangular-shaped pressure diagram. 
The moment diagram for the triangular loading case is given in Fig. 4/54. The magnitude 
of the moment is: 

M = ya , a- - -cos a-(1 — cos ») 3 , 

1 2 . O 6 

M = ya, a- n,, where n, = —-1 C os a — (1 — cos a) 3 . 

J 2 8 6 


The axial thrust 


., , f cos 3 x „ cos X 

N = ya{ —-— — cos- x - 

2 8 


The variation of the normal forces is also the same as given in Fig. 4/54. 

The moments and thrusts due to the uniformly distributed part of the lateral pressure 
are calculated in the same way as for the vertical pressure except that the values of the dia¬ 
grams will have to be rotated by 90°. 

Considering all the loading conditions previously discussed, the final moments are given 
by the equation: 

M = k a, a 2 yn, + ka, n , yh., a + n, y r a, a* + n.y,(h, + h.) a,a - n.a, a Q + 

+ n 3 ya,a 2 + n 3 y,a,a- + n,W a,+ n 3 (P - Q)a,a. (4.65) 


In this equation the first expression on the righ-hand side represents the moment due to 
the triangular lateral earth pressure, the second expression the uniformly distributed lateral 
pressure. The third and fourth expressions are the triangularly and uniformly distributed 
parts of the lateral water pressure. The fifth expression gives the moments set up by the hori¬ 
zontal components of the internal air pressure; the sixth and seventh expressions yield the 
moments produced by the weight of earth and water below the top level of the tunnel. The 
eighth expression represents the effect of the dead weight and the ninth gives the moments 
due to the vertical earth, water and air pressure components. Values of n,, « 3 , n, and « 5 

can be obtained from Table 4/III. In the calculations the value of k is assumed to lie between 


Table 4/111 


b 
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Moment at the 

crown 


Moment at the springing 


Moment at the 

bottom 


M i 

l 

«> 

M, 




«4 

*5 

*1 

n 2 

*3 

"4 

"s 

n\ 

! 

«3 

"• 

»4 

0-70 

-007 

-Oil 

002 

005 

023 

009 

013 

-003 

-006 

-027 

-009 

-Oil 

0-03 

005 

0-23 
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-008 

-013 

002 

005 

0-23 

Oil 
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-003 

-006 

-026 

-Oil 

-013 

003 

005 

0-23 
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-015 
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0-24 

013 
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-003 

j -0 06 
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-014 

-015 

003 

005 

0-24 

085 

-012 

-017 

002 

005 

0-24 
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-004 

-006 

-0-26 

-017 

-017 

004 

006 

0-24 

0-90 

-015 

-019 

002 

005 

025 

018 

0 21 

-004 

-006 

-0-26 

— 0-21 

-019 

004 

006 

0-25 

095 

-018 

-0-22 

002 

005 

0-25 

021 

023 

-004 

-006 
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-025 

-0-22 

004 

006 

025 
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-025 

003 
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025 

025 

025 
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-025 
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-025 
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0-25 
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-028 

003 
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025 
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-004 

-005 

-025 
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006 

0-25 
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— 0-31 

003 
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035 

0-29 

-004 

-005 

-024 
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005 

006 

0-26 
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-0-31 

-034 
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0-26 

040 

0-31 
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-005 

-024 

-045 

-034 

005 

006 

0-26 

1 20 
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-037 

003 

005 

0-26 

0-46 

034 
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-005 

-024 

— 0 51 

-037 

006 

006 

0-26 

1-25 

-039 

— 0-41 

004 

005 

0-26 
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0-37 

-005 

-005 

-024 

-057 

— 0-41 

006 

006 

0-26 

1-30 

-044 

-045 

004 

005 
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-005 

-023 

-064 

-045 
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006 

0-27 

1-35 

-049 

-0-49 

0-04 

005 

0-27 

064 

0-42 

-005 

-005 

-0-23 

— 0 71 

-0-49 

007 

006 

0-27 

1-40 

-054 
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0-04 

005 

027 
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0-45 

-005 

005 

-0-23 
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the active and passive cases, so that, as discussed before, there will be no moment in the 
structure. 

From this point of view soils are divided into three categories: 

1. dry soils, where <t> > 30° where k lies between 1/3 and 3 0 

2. dense permeable soils: 30° > <6 > 19°, 1 / 2 < k < 2 

3. soft, saturated soils: </> = 0 and k = 1-0. 

For these main soil types the following expressions can be developed. 

1. For dry soils no water pressure need be considered. The expression for the moment 
will be: 

M = ka 2 ( n l ya 2 + n 2 Pa) — n 2 Qa 2 a + n 3 ya 2 a 2 + n, Wa 1 + (F — Q) Uj a, 


and if 


then 


— n 2 Qa + n 3 ya 2 + w 4 W + n 5 (P — Q) a 
n 2 ya 2 + n 2 Pa 

Af = 0. 


If the value of k lies between 1/3 and 3 then for the long-term case no moments will have to 
be considered. If k is less than 1/3 or more than 3-0 it is taken to be equal to 1/3 or 3, re¬ 
spectively. 

The following expressions will give the thrust: 
at the crown: 


N 2 = -by, (0-676 + h 2 + h 2 ) - kby (0-676 + h 2 ) + Qb, 
at the springing: 


N t = - Pa - 0-22 (y, + y) ab - 0 251V + Qa, 

and at the invert: 


N 3 = - by, (1-336 + 6, + h 2 ) - kby (1336 + h 2 ) + Qb. 

The exact values for the thrust for circular sections differ from those given by Hewett 
and Johannesson; they are: 

N 2 = -ay, (0-604a + h 2 + h 2 ) - kay (0’625<i + h 2 ) + 0 021a 2 y + Q a + 0 0133 W, 

N 2 = —Pa - 0-215 ( y, + y) a 2 - 0 25 W + Qa, 

% 

N 3 = -ay, (l-396a + h x + h 2 ) - kay (1 375 a + h 2 ) - 0 021a 2 y + Qa - 0-0133 W. 

2. In dense permeable soils the moment is calculated by Eq. 4.65. If 

k _ _ "i yX‘ + » t [y, (6 t + h 2 ) — Q] a +n 3 ( y, + y) a 2 + n, W + n 3 ( P - Q ) a 

n i ya 2 + «2 V^t a 

then 

M = 0. 

In this case the moments can be neglected for the long-term case if 1/2 < k < 2-0. 
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3. In soft or loose saturated soils with k = TO the moment is given by Eq. 4.65. Using 
this value for k 

M = a 2 n, (y + y v ) + a, an, [yh 3 + y, (h l + A 2 )] + a 3 a 2 n 3 (y + y,) - n 3 a 3 aQ + 

+ n t Wa x + n 3 a x a(P - Q ), 

introducing the symbols 

n, + n 2 = m,; n 4 = m 2 , 

n t + n t = m-i, y, + y = y w 

and assuming that 

*! = 0 , 

and 

(y, + y)h 2 = P 

then the moment can be written as: 

M — Oj [m 1 y 0 a 1 + m 2 W + m 3 (P — Q) a]. 

The values for m, and m 3 are given in Table 4/IV: 

Table 4/IV 


bfa 

Crown moment 

Mx 

Springing moment 

M, 

Bottom moment 

M a 


m x 

m* 

m 8 

m, 

m 3 

m. 

mi 


m. 

0-70 

-005 

005 

012 

006 

-006 

— 0T4 

-006 

005 

012 

075 

-006 

005 

Oil 

0-08 

-006 

-Oil 

-008 

005 

Oil 

0-80 

-008 

005 

009 

010 

-006 

-009 

-Oil 

005 

009 

085 

-010 

005 

007 

012 

-006 

-007 

-014 

006 

007 

0-90 

-012 

005 

005 

014 

-006 

-005 

-017 

006 

005 

0-95 

-015 

005 

003 

017 

-006 

-002 

—0-21 

006 

003 

100 

-018 

005 

000 

0-21 

-006 

000 

-025 

006 

000 


For a circular section the above equation can be further simplified, since 

nt 3 = 0, 

thus 

M = a t lm t y 0 a 2 + m., W\ . 

Hewett and Johannesson express the moment in terms of the diameter 

M = d (m[ y 0 D 2 + m 2 W) , 

where d is the diameter measured to the neutral axis of the section and D is the outside dia¬ 
meter. 


= 1T ’ 
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The thrust for this case: at the crown: 

Hi = —ay u (0'625a + A 2 ) -f 0 0021 a*y + Qa + 0-01331K 
and writing similar expressions for N , and N 3 , N can be written as: 

H = n'i V 0 D 2 + n 3 W - --{P - Q) D . 

The values of n\ and n' 2 can be determined from F"ig. 4/66. 



Fig. 4/66. Values of n[ and n 2 



In the design the construction stage or short-term case should also be consid¬ 
ered. The stresses created by the dead weight of the structure are then likely 
to be the most serious since the ring is not yet receiving lateral support. The heavy 
weight of the erecting equipment could also cause considerable stresses. 

Hewett and Johannesson analyse the stresses due to the dead weight during 
the construction by assuming that an isolated ring is supported only on two 
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knife-edges each of which enclose 20° with the vertical axis. This loading stage 
is illustrated in Fig. 4/67. 


M = — * fll (« sin a + cos a - 1)=0 0102 W^+00595 Wa cos a. 


"The maximum - 


niOTiTdifcrJjatbdhe..oqsitJye and*a“/K>£utf.Y*luesjs anqrpximately 


M max = +0T0ff'a 1 . 


(4.66) 


For most 


practical cases the maximum values can be obtained from this equation. 


4.33. THE DESIGN OF CIRCULAR TUNNELS 

AS SECTIONS ELASTICALLY EMBEDDED IN THE SUBSOIL 

The designers of the Subway in the City of Moscow developed the theory of 
the design of circular sections further. Their more accurate methods take the 
elastic embedding of the tunnel into the subsoil into fuU account 

It is assumed that the embedding soil material is elastic and m it thereto 

are proportional to penetrations, that is the equation of Winkler-Schwedler 

is valid, i.e. 

P = Cy, 

where p = the pressure acting at right angles on the perimeter face 
y = the radial deformation of the circular section 
C = the coefficient of the subgrade reaction. 

A further condition is that at any point of the subsoil the deformationisthe 
result of embedding pressure. The reaction provided by the soil is taken 
series of independently acting elastic supports. 

These are the two basic assumptions of elastically embedded tunnel design- 
The inaccuracies resulting from the first assumption are, in general, smaller 

than those resulting from the second one. . tEp first 

Three of the design methods will be treated in the next Pf graphs The 
is that of Bodrov - Gorelik, the second is the polygonal method, and the third 

that developed by Bougayeva. 


43.31. The Method of Bodrov-Gorelik 

This method applies the theorem of least potential energy in the solution of 

elastically embedded circular sections. . ai(.o\ w hirh 

Let us analyse the circular sections shown in the illustration (Fig. 4/68) which 

is acted upon by known external forces. Whenever the section deforms outward, 
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Fig. 4/69. Relation between 

radial and tangential 


Fig. 4/68. External 

forces acting on an elastically embedded ring 


displacements 



elastic reactions are mobilized, which will work as infinitely small independent 
supports whose magnitude is proportional to the deformation (compression). 
The deformation of an arbitrary point of the tunnel will be resolved into two 
components: the radial one will be denoted by u, the tangential one by t. 

Neglecting the deformation caused by shearing and normal forces, the following 
relationship exists between the components u and t: 


t = 



The correctness of this equation can be shown as follows (Fig. 4/69): The element 
abed of the tunnel section takes a new position a'b'c'd' as a consequence of defor¬ 
mation. Hence the tangential specific deformation is 



dt , . 

t + -r-r- d</> + (/■ + u) d(j) - t 
0<P 

— rd<t> 

d t + ud<j) 

rd<f> 

rdcj> 

1 df u 


£ <t> = . , H-• 

r dip r 
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Assuming that the specific elongation is = 0 we obtain the following rela¬ 
tionship between u and t: 


= — J~ ud(j>. 


Bodrov and Gorelik apply the theorem of the least potential energy. They 
express the radial deformation of the section with the aid of a Fourier Series: 


u = Y J {a m cos + b m sin m<j>). 


(4.68) 


In the above equation <j> is the angle enclosed by the radius drawn to the ana¬ 
lyzed point and by the direction X, whereas a v a 2 ... a m and b 2 , b 2 . .. b m are 
unknown constants. 

The tunnel sections and external loadings are symmetrical about the vertical 
axis in most cases. Therefore in the equation for u, the second expression is zero, 
hence the radial deformation is 


u = £ a m -cos,m<j ),. 

m-1 


and the tangential deformation: 


r m m 1 

= - £ a m cosm<f)d<i> - - £ — a m sinnuf). 
J m=i m = 1 "I 


(4.70) 


The full potential energy (17) of the tunnel section consists of three parts: 

1. the work of external forces, T 

2. the deformational work of internal forces, V x 

3. the work of elastic reactions, V 2 


n = T- v x - v 2 . 


The work of external forces 


a t a t 

’=jp r ndj+Jj 


p,tds. 


where p r and p, = the radial and tangential components of the external pressures, 
respectively. 
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By substituting u and t we obtain 


J m /* m i 

Pr r £ • cos m4> d<j> + />, r £ — a m sin m<j> d<f>. (4.72 ) 

fn— I J m = 1 


The sign of the work can be positive or negative depending on whether the signs 
of the deformation and force are the same or not. 

The deformation work done by the internal forces 


1 


1 CM 2 


(4.73) 


where M is the moment of the external forces acting upon the tunnel and which 
can be expressed by the deformation of the section 


EJ (d 2 u 


r 2 \ dtf 

Substituting into Eq. 4.73 and as d s = rd(f> 


EJ r( d 2 u 1* 

1= 2^J [W + U ) d4> 


(4.74) 


Replacing u by (4.69) and integrating 

" m-1 

The work of the elastic reactions 


(4.75) 


'- 4 J 


Cm 2 di. 


(4.76) 


On substituting u from Eq. 4.69 


•h 

Cr r " 


Cr I m 

v 2 = cos m< t>Y d( P • (4.77) 

J m = l 
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The limits of integration <£ x and </> 2 are still unknown in the above expression, 
because it is not known from where the tunnel section will move outward. 

In the design the position of (K and <j) 2 must be estimated in advance. Then, 
when the results are known, whether the deformations are equal to 0 at points 
«f> 1 and <p 2 must be checked. If the discrepancy is significant, the calculations must 
be repeated by substituting new corrected integration limits. 

On this basis the potential energy of the section can be expressed in such a form 
that only the constants a 1 ,.a 2 ■ ■ ■ a m are unknown. These can be determined by 
applying the theorem of least potential energy because if the partial differential 
quotient of the function of the potential energy is calculated and equated to 0 
then m equations are obtained from which the constants a x , a 2 .. . a m can be 


expressed 



sn 

da 2 


n m 

da„ 


= 0. 


(4.78) 


The calculations can be made with any desired accuracy. If more members are 
taken into consideration, the results will be more accurate. Generally, the minimum 
number of members to be considered is from 5 to 6. When a v a., ■ ■ ■ a m have 
been determined, the deformations of the section can be computed at any point 
by Eqs 4.69 and 4.70. 

The numerical value of the reactions acting over a unit length of the tunnel is 


q = — Cu = — C Yj a m cos m< t> ■ 


(4.79) 


The bending moment at any cross-section 


M = 


EJ I d 2 u 


d 4 >'~ 


+ w > 


d 2 u 

substituting d 2 u ——= Y m 2 a m cos m<t> and rearranging the equation: 

m=1 


M = — Y, (1 - m 2 ) a m cos m<j>. (4.80) 

The shearing force can be obtained from * 

2 = -T- = —r-^r[I<. 1 - m 2 )a m -cosm(j)]. (4.81) 

ds r* raip 

The normal stress can be determined as follows: 


24 Sz6chy: The Art of Tunnelling 
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Let the external active and reactive forces applied upon an elementary section 
Js of the arch be Pas. Its radial component is Rds. The equilibrium equation of 
all forces acting upon dy is (Fig. 4/70) : 


Rds — N 



2-d Q 




d </> 

~ 2 ~’ 



ds=rd<f), Rrd<j)—Nd(j>—dQ=Q, 



Furthermore, substituting the value of Q 


EJ m 

N — Rr - 3- £ m 2 (m 2 — 1) a m ■ cos m<j). (4.82) 

f m = 1 

In the formula, R denotes the radial component of all external active and 
reactive forces applied against a unit length of arch. 

The application of this method is demonstrated in the next example. 



Given a circular tunnel section (Fig. 4/71) loaded by a uniformly distributed vertical 
pressure. The tunnel has a cast-iron lining with a modulus of elasticity E = 10 000 000 t/m 2 
and its moment of inertia J = 0’000144 m 1 . The coefficient of subgrade reaction C — 10 000 

t/m 3 . 
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First the sum of the potential energy of the ring is determined. 

1. The work done by the external forces 

T =j |p, r £ a cos mtp j d tp + j a m sin mtp j dtp. 

In the calculation the number of members in the equations is taken equal to: m = 5 

pdx = pds cos (180° — ip), 

dsp, = pdx cos (180° — <p) = pds cos 2 <p, 

dsp, = pdx sin (180° — tp) = —pds sin <p cos <p. 

In the work equations the sign of the work will be either positive or negative depending 
on whether the direction of the movement and the force is the same or not. 

3rt/2 

T = — I p cos 2 <pr(a 1 cos <p + a, cos 2<p + a 3 cos 30 + a 4 cos 4<p + a s cos Sip) dip — 

♦ = n/2 

— j"p cos 0 sin 0r ja x sin tp + — a 2 s > n 20 + — a 3 sin 30 + — a 3 sin 40 + — a s sin50jd0 

Sff/2 

T l = - pr j ( a l cos 3 ip + a 3 cos 2 tp cos 2<p + a 3 cos 2 3 tp + a t cos 2 tp cos 4 cp + 

nli 

Snlt 

+ a 5 cos 2 cos Sip) dtp — pr J ja x cos tp sin 2 tp + ~~ cos tp sin tp sin 2 tp + 

nit 

+ — cos tp sin tp sin 3tp + cos tp sin tp sin 4<p + cos tp sin tp sin 50 j d0 . 

3 4 5 J 

Solving the integrals separately 


cos 3 tpdtp 


sin tp cos 2 tp 2 f ... sin tp cos 2 tp 2 . I 3 " 2 4 

f ) - + 7" w -J- + 7”*. --T ; 


| cos 2 0 cos 20 d0 = j" cos 1 tpdtp — cos 2 tp sin 2 0 dtp = 

nit 

sin 3 0 cos 0 If.,.,, rsin0 cos 3 <p 3 

-^- T Jsm-0d0 = !- - - + lf . 


sin 0 cos 3 tp 3 . . 

---h — cos 2 tp dtp — 

4 4 


' f sin 0 cos 3 0 , 3 , 3 sin 3 tp cos <p 

sin 2 tpdtp = ---h sin 20 -r — 0- t -- + 

4 lo o 4 


1 <p 1 W2 ji 

+ -+«■! 


24* 
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J cos 2 0 cos 3 <t> d0 = j*4cos 5 0d0 — 3 j cos 3 0 d0 = 4 S ‘ n _|_ J^L C0S 3 ^ ^ _ 

n /2 

, f , . ,, f 4 sin 0 cos 4 0 1 . 2 l 3 *' 2 4 

3 I cos 0 d<f> — I---(- —— sm <t> cos 2 0 -f- tt sin 0 --; 

■J L 3 15 15 Jjm IS 


cos 2 0 cos 40 d<t> = cos 6 <t> d0 


— 6J*sin 2 0 


cos 4 0 d<t> + Icos 2 0 sin 1 <j> d<j> — 


= sin cos 5 0 5 sin 0 cos 3 0 35 sin 20 15 


, 15 J r 

+ <t>— sin 3 0cos 3 ^—3 Isin 2 0 cos 2 0d0 + 


, sin 50 cos 0 § 1 

f . . , f sin 0 cos 5 0 

1 sin 4 — i 

5 sin 0 cos 3 0 

15 sin 20 

6 + 6 „ 

/ 6 

24 + 

96 


+ <P - 


- sin 3 0 cos 3 0 - sin 3 0 cos 0 + sin 20 - — 0 + — n 5 ^ COS * _ J_ cos ^ s j n 3 

' io o 6 24 


“ 96- Sln 


. .. . 3 l 3 *' 2 15 3 

“ 2 * + ^*L“48 b -t* + i«-°- 


cos 2 0 cos 50 d0 = Jcos 7 0d0 — lojcos 5 0 sin 2 0d0 + 5jsin 4 0 cos 3 0 d0 = 
sin (f> cos 6 (f> t 6 sin <f> cos 4 <t> , 24 sin <j> cos 2 (f> 48 10 

't i <: -1- —— :— - 1- - sin d) - sin 3 tb rns 4 /b — 


A.-T oil! vUO ‘to . 1U 

' + 35~x*T™ + lO5 _Sm0 ~ _ 7" Si " 3 * C0S ‘ * 


40 f . , , sin 5 0 cos 2 0 10 f T sin 0 cc 

Sln " cos 3 0d0 + 5---1——J sin 4 0 cos 0 d0 = --- 


+ ^ sin 0 cos 4 0 + ^-sin 0 cos 2 0 + Ji- sin 0 - ^ sin 3 0 cos 4 0 - ^ gg* cos, » 


40 X 2 sin 3 (p 5 


Tx! 3— + y sin 0c°s- 0 + y — 


10 ins 5 01 3 " /2 _ 96 160 20 4 


105 + 105 35 + 105 ’ 


371/2 

f . 2 . ... fsin 3 0T 3n/2 2 

I sin-0 cos 0 d0 = -— --; 

•/ L ^ J31/2 3 

31/2 

• 331/2 

cos 0 sin 0 sin 20 d0 = 2j sin 2 0 cos 2 0 d0 = 


= 2 ii 


sin 3 0 cos 0 2 1 


- TT sin 20 + -j 
4 4 4 


01 3 " /! 3.1 3! 


8 8 + 4 : 



ELASTICALLY EMBEDDED CIRCULAR SECTIONS 


373 


j cos <t> sin 4> sin 3<t>d<t> = f 3 sin 2 <f> cos 4>d4> — 

31/2 

r f 4 sin 5 <j> "I 331 ' 2 4X2 2 

—J 4 sin 4 <#> cos 4>d<l> = sin 3 -j-1 = —2 H-j— = —j • 

331/2 

f cos 4> sin <p sin 4<#> d<#> = j 4 sin 2 <t> cos 4 <t> d<t> — 4 J*sin 4 <f> cos 2 <t> d<p = — sin 3 <j> cos 3 + 

31/2 

12 /“ sin 5 4> cos <t> 4 f [2 

+ __ I s in3 ,j, cos 2 tf>d4> - 4---— I sin 4 <p d<t> = y sin 3 <p cos 3 4> + 

„ sin 3 <t> cos <t> 2 . „, , 2 , . 2 cos <t> sin 3 <f> 

+ 2--— - — sin 2<f> + — - — sin 5 <t> cos 4> + - -—- 

4 16 4 3 3 4 


(-lsi n .^ + |) 


3ji n 1 3ji 1 w _ 

T"I _ TT + IT _ 


cos $ sin <p sin 5<t> d<l> = 5 sin 2 <j> cos 5 4>d$ 


= J*5 sin 2 4> cos 5 4>d$ — 10 J'sin 4 


<p cos 3 <f>d<l> + 


+ sin 6 <p cos <£ di£ 


20 2 _ 10 
+ IT T _ + 105 ’ 


[ 5 sin 3 

4> cos 4 <p 5x4 sin 3 4> cos 2 4> 

20 

2 

sin 3 <j> 


7 + 7 5 

T 

T 

3 

10 X 2 

sin 5 4> sin 2 <t> I 3 *' 2 40 


40 

20 

7 

5 + 7 J„ /2 105 


105 

+ 35 


Summarizing the results, the work done by the external forces: 

f 4 7t 4 4T T 2 , 

r , = + T “ 2 ” + 0 x ° 4 + _pr [“ T fll + ~ 

2 2 1 ( 3?r 2 2 I 

- — « 3 + 0 x «, + w * 5 J = +pr [2a l - 1 -« 1 + y«.-^J- 


2. The work done by the internal forces 

EJn 


Vt= — 


T m 

' Lw —1 


, (1 - m-) 2 al 


substituting the values 


F Jtt 

V l= - ±— (9 al + 64 al + 225 a\ + 576a|) . 
2 r 3 
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3. The work done by the reactions: 


vi 

y 2 = ~ j £ («m cos m0) 2 d <t>, 

♦ l 

V 2 — -— 11" 0 * c °s : 0 d 0 + 2at a 2 J"cos 0 cos 20 d 0 + 2a x 03 ^"cos 0 cos 30d0 + 

$1 *1 ^1 

<t> % 

+ 2 o 4 o 4 J cos 0 cos 40 dp + 2 a 4 o 5 J"cos 0 cos 5# d0 + of j cos 2 p d0 + 

*1 4 >i 61 

4- 2o 2 a^cos 20 cos 3 p d p + 2a., a t j cos 20 cos 40 dp + 2o 2 a 5 j~ cos 20 cos 50 d0 + 
+ ofj'cos 2 30 d0 + 2 o 3 o,J" cos 30 cos 40 d0 + 2a 3 o 5 J"cos 30 cos 50 d0 + 

4- a 4 f cos 2 40d0 + 2a 4 a } f cos 40 cos 50 d0 + ag f cos 2 50 d0 ] , 


solving the integrals 
Cr f .(* . 


V, ~ — 


A^ + - 


4- 2a x a. 


sin 0 sin 30 
2 + 6 


, _ sin 30 sin 50 

+ 2aia< 6 To 


„ sin 40 sin 60 
+ 2d lfl5 


-j + 2a, o 3 

) + fl| (y 


sin 20 sin 40 
4 " l 8 


’si 

r 2 n 3 - 


sin 0 , sin 50 

“ + no~ + 20204 


sin 20 sin 60 
4 + " 12 


0 sin 40 

T + 8 


sin 30 sin 70 


+ 2o 2 o 5 — v -h 


+ y + 


0 sin 60 


2 12 
0 sin 80 


+ 2o 3 o 4 
+ 2o 4 a 5 


’ sin 0 

sin 701 

2 

+ 14 j 


sin 20 sin 80 
4 H 16 


6 J4 

n 80 | + 


sin 0 sin 90 \ . 0 sin 10 0 

—-77T- + «! CT + -n- 

- A 


2 18 


Assuming that the deformation at: 


, , 3 7t 3 n . . 3 71 

0® = + ——, 0i ==-— locations is zero; 0 2 — 0i = + —•, 


and substituting these limits: 

cv 

v 2 = — -—(1-8562 a\ + 1 - 88560 ^ - a 4 o 3 + 0 18856o 4 a, + 0-3333o 4 0 5 + 

+ 2-35619oI + 1 13370, a 3 -0 6661a, o 4 + 0-26937o, o 5 + 2’52286 a\ + 
+ 1 212180301 - o 3 o 5 + 2-35619oi+ 1-57135o 4 o 5 + 2-2561og), 


elastically 


embedded circular sections 
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and the potential energy 

( 3ji 2 2 1 _ EJn_ t + + 225*5 + 576*D - 

J7=pr (2*! - -g -«2 + y“3 “ a ’J 2r s 

_ £l (1-8562** + 1-88562*. *. -«.«,+ 18836*. *. + 0-3333*. * 5 +2-35619*1 + 

2 

+ ,13137., - 0-6667.,+ 0-26937.,., +2 52286.J + limh A -«•«.+ 

+ 2-35619** + 1-57135*4*5 + 2-2562al). 

Forming the partial differential quotient of the potential energy and putting it equal to zero 

en_ = 2pr __ (2 X 1-85619*. + 1-88562*2 - «, + 0-18856*. + 0‘3333* 5 ) = 0, 

d°i 2 

UL = -prX M7809 - 9*2 - ^ (188562*. + 4-71239** + M3137*, - 

5«2 r 

_ 0-66667*1 + 0-26937*1) = 0, 

8n = 4 _ 64a3 _£!(_*.+ 1-13137*2 + 5-0457*, + 1-21218*. - * 5 ) - °> 

a * 3 ' 3 2 

an = _ EJ*_ 225fl _ £1 (0-18856*. + 0-6667*2 + 1-21218* 3 + 4-71239*. + 

da* 4 2 

+ 1-571348*5) = 0, 

UL = - P r* 0 05714 - ^ 576*5 - ^0.3333 *. + (0'26937** - fl 3 + i' 57135 *. + 
da f r 

+ 4-51239*.) = 0 . 

u, ,E, t. .0 D. After 
are gained: 


-3-7124*. - 1-8856*2 + a 3 -0-18856*. - 0-3333* s + c °> 

2-3562 _ 

-1-88562*. - (4 71289 + 180)* 2 - M3137*. + 0 6667*. - 0-26937*. - Q 

. 08 - n 

+ a. - 1-13137*2 - (5 0457 + 128Z))* 3 - 1-21218*. + «» + c 

-0 18856*. + 0-66667*2 - 1-21216*, - (4-71289 + 450D)*. - 1'57135* 5 = 0, 

0-11428 

-0-3333*. - 0-26987*. + *3 ~ 157135a. - (+51239 + U52D)*. - c 
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from where a lt a,.. .a 5 can be determined : 

tlEJ 3 1416 X 10 000 000 x 0-00014-* 

5 = =-io ooo X 9 2 -= 0 005585 > 

1 

— = 0 0001 , 

and the numerical values are: 

-3-71240! - l-8856a 2 + a 3 - 0 18856a 4 - 0 3333a 5 + 0 00040 = 0, 

-l-8856o! - 4-81292o 2 — l-13137a 3 + 0‘66667a 4 - 0-26937a 5 - 0 0002356 = 0, 

+ Oi - 113137a 2 — 5-76061 o 3 - l-21218a 4 + a 3 + 0 000080 = 0, 

-0 18856oi + 0-66667 a, - 1 -21218a 3 - 7 22366o 4 - l'57135a 5 + 0 = 0, 

— 0-3333ai — 0-26937a 2 + a 3 - l -57135a 4 - 10-94638a 5 — 0 00001142 = 0. 

The above equations are solved by the Gauss elimination method. The end results are: 

- Oi = + 000021561 o 2 = —000016114 

o 3 = +000009282 o 4 = -0000038319 

a 5 = +000001036. 

The moments and reactions can now be readily determined. 

The eqilattons for the reactions are: 

m 

Q= “C X a m cos nuj) = -2-156 cos <j) + 1-611 cos 2<p - 0-928 cos 36 + 

m= 1 

+ 0-3832 cos 4<j> — 0-1036 cos 5 (j>. 

The values of the reactions calculated in the above manner are illustrated in 
Fig. 4/72. The magnitude of the radial displacements is in proportion with the 
reactions. Values of the displacements are also indicated at places where no 
reaction forces will develop and therefore these are indicated with dashed lines. 
The moment can be calculated from the following equation: 

EJ ™ 

M = ~rY. 0 - W 2 ) <7m CCS m</> , 
r m = 1 

and substituting the numerical values we obtain: 

M = 0-07735 cos 2 <f> - 0-11882 cos 3</> + 0-09196 cos 4 <f> - 0-03977 cos 5 (j). 



Table 4/V 



at 

a, 

a s 

o« 

a 5 

Additive member 

Multiplying factors 

I 

-3-712 40 

-1-885 62 

+ 1 000 00 

— 0 188 56 

-0-333 33 

+ 0000 40 


2 

a, . I 

II 

| 

— 1-885 62 
+ 1-885 62 

-4-81292 

+ 0-957 75 
-3-855 16 

-1-131 37 

-0-507 92 

-1-639 29 

+ 0-666 67 
+ 0 095 776 
+ 0-762 44 

-0-269 37 

+ 0-169 31 
-0 100 066 

-0000 235 6 

-0000 203 2 

-0-000438 2 

a t = -0-507 92 

3 

‘«j.I 

Pi ■ H 

III 

+ 1 000 00 

-1 000 00 

-1131 37 

-0-507 92 

+ 1-639 29 

-5-760 61 

+0-269 37 
+ 0-697 06 
-4-794178 

—1-212 184 

-0050 79 

-0-324 21 

-1-587 184 

+ 1 00000 

-0-089 789 

+ 0042 550 
+ 0-952 761 

+ 0000 080 
+ 0000 108 
+ 0-000186 
+ 0 000 374 3 

a 2 = +0-269 368 

P x = 0-425 22 

4 

a 3 . I 

Pi • H 

Vi • in 

IV 

-0-188 562 
+ 0-188 562 

+ 0-666 67 
+ 0-095 776 

-0-762 443 

-1-21218 

-0050 793 

-0-324 207 
+ 1-587 184 

-7-225 667 
+ 0009 578 
+ 0 130 790 
+ 0-525 461 
-6-539 837 

-1-57135 

+ 0-016931 

-0019 790 

-0-315 426 

— 1 889 663 

0 

-0 000 020 32 

-0000 086 78 

-0000123 9 

-0000 23102 

ct 3 = -0-050 792 
p z = 0-197 77 
y, = -0-331 06 

5 

a 4 . I 

03-H 

Vi • HI 

5,. IV 

V 

-0-333 33 
+ 0-333 33 

-0-269 37 
+ 0-169 308 
+ 0T00 066 

+ 1-000 00 

-0089 789 
+ 0-042 550 
-0-952 761 

-1-517 348 
+ 0016 931 
-0019 790 

-0-315 426 
+ 1-889 633 

-10-946 38 

+ 0 029 930 
+ 0-002 597 
+ 0-189 345 
+ 0-545 994 

-10T78 51 

-0000 011 43 

-0000 035 91 
+ 0 000 011 39 
+ 0000 074 39 
+ 0000 066 75 
+ 0 000 105 2 

o t, = -0-089 79 
/?3 = -0-025 956 
y 2 = 6-198 733 

<5,= -0-288 942 


Values of a„ a, .a. are obtained from equations I, II.V by successively substituting the values already calculated. 

V. - 10-i7851a, + 00001052 = 0. 

IV. - 6 539847a. - 1-889 663a, - 0 00023102 = 0. 


ft 
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Fig. 4/72. The distribution of the calculated 
reactions 


Fig. 4/73. Moment diagram of the 

elastically embedded ring girder 



The resulting moment diagram is given in Fig. 4/73. 

The next step is to check whether the displacement at the first assumed location 

3 

of 0 = — n = 135° is in fact zero or not. 

4 

u = Oj cos 0 + a 2 cos 20 + a 3 cos 30 + a 4 cos 40 + a 5 cos 50. 

Having substituted the appropriate values we obtain 

u = — 0-0041 cm. 

As this could not be regarded as zero the calculated values for the reactions and 
moments can only be considered approximate. The accuracy of this method 
could be improved by increasing the number of the expressions in the work equa¬ 
tion, and by correcting the assumed position of the locus of zero displacement. 


43.32. The Polygonal Method 

An alternative method for the analysis of an elastically embedded continuous 
ring is to replace it by a polygon with a fixed pole and by replacing the elastic 
bedding by elastic rods connected to the corner points of the polygon. The polygon 
is then considered a statically indeterminate structure. 
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The external forces are considered to act as 
concentrated loads at the corner points of the 
polygon. The elastic earth support is replaced by 
radial rods with hinge connections at the corner 
points. The elastic properties of these rods are 
assumed to be equivalent to the elastic behaviour 
of the soil which they replace. 

It is not difficult to see that the more sides the 
polygon has, the closer it will approach the shape 
of a circle, and hence the calculations will also be 
more accurate. Generally a polygon with 16 sides 
is considered to give sufficiently accurate results. 

(a) Fig. 4/74 illustrates the polygon replacing the 
circular ring. The polygon is considered to be sup¬ 
ported along its entire perimeter. However, the ana¬ 
lysis of this structure will indicate tension in some of the supporting rods but 
since the soil cannot take any tension, the analysis must be modified to the 
extent that in the revised calculations support is assumed only along that part 
of the polygon where the first analysis indicated compression. Thus, the design 
must be carried out in two steps and the second should yield the correct answer. 
This somewhat lengthy method can be simplified where the length of perimeter 
along which the polygonal section is not supported by the ground can be estimat¬ 
ed with reasonable accuracy in advance. However, in this case the end results 
have to be checked and if the boundaries of the support were not assumed 
correctly, the analysis must be repeated. To illustrate the calculations both 
methods will be demonstrated. 

The first step of the first method is to determine the stresses in all the members 
of the polygonal ring which is assumed to be elastically supported along its full 
perimeter. For an arbitrary loading the stability of the regular polygon illustrated 
in Fig. 4/74 is secured only if at one of its points a tangential force (F) is also 
applied. With symmetrical loading, however, there will be no stresses on this 
rod Y, and therefore in the analysis of most of the tunnel sections it can be ignored. 
The n-sided polygonal ring is a statically indeterminate structure with (/? + 1) 
redundant forces. We start the analysis by cutting the structure back to a stati¬ 
cally determinate state. Each corner point is substituted by a hinge and also one 
of the supporting rods is cut through (Fig. 4/75). 

The magnitude of the moments M Y — M[, M z — A/,', . . . M n — M„ applied 
at the hinges, and the axial force X x - X[ acting on the supporting rod 
which was cut through, have to be such that no relative movement should 
take place at the points 1,2,... n as a result of these and all external forces. 
7 i+l equations can thus be established from which the force X x and the 
moments M x , M.,,... M n can be computed. The uniformly distributed external 
forces, of course, will have to be replaced by concentrated forces acting at the 
corner points. 


p 



Fio. 4/74. The polygon 

replacing the ring 
beam 
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The problem is usually solved in two steps. First the stresses caused by the 
force X x in the statically indeterminate hinged polygon are determined, and only 
then is the analysis extended to the solution of the statically indeterminate struc¬ 
ture with n +1 redundant forces. 

The calculations usually ignore the elastic deformations in the bars of the poly¬ 
gonal ring but the deformations of the supporting bars, since they represent the 
elastic earth support, must, of course, be taken into consideration. 

The symbols and notations used in the calculations are shown in Fig. 4/76. 

The axial forces on the bars of the polygon and in the supporting members 
of the indeterminate structure are designated by the letters Sy,. . . , £,• and 
Ry,..., R/ respectively. The index 0 is used to designate the stresses in the cut¬ 
back or statically determinate structure due to external forces e.g. S 01 , S oi , R oi , 
whereas the stresses created by the arbitrary force X 1 are noted with the index 1, 
e.g. S X1 , S u , R u . The second index refers to the location and the first one indi¬ 
cates the force responsible for the stresses. 

On the other hand, the stresses in the indeterminate structure with one redun¬ 
dant force only; are designated by a bar drawn above the letters: S 10 ,... R n ... 
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A is the cross-seclional area of the individual bars, and E is the modulus of 
elasticity. The elastic properties of the supporting members are designated by 
the letter D, and since they represent a strip of soil of length S 


D = CS, 


(4.83) 


where C = the coefficient of subgrade reaction. 

The usual symbols a ov a n , a ik are used to indicate the relative displacements. 
The redundant force Xy is given by the following equation: 


where 


Xi- 


a oi 
All ’ 


floi =i 


1 


•So; S u 

~ea 7 s ' + 


Y 

4 D 


a n = 


n 




s 4- 


I 



(4.84) 

(4.85) 

(4.86) 


The stresses created by the unit force Xy — 1 ton are as follows (Fig. 4/77): 
At point 1 the force Xy = 1 ton is balanced by the internal forces S' u and S ln 

S 1 

11 2 sim/>/2 


Extending the investigation to points 2 and i, generally, it becomes evident that 
because of the constant value of <j> the thrust S’,, will be equal in each rod, and 


Fig. 4/77. Stresses in the 

polygon with one redundant 
force 
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that because of the equilibrium of each joint the axial force in each supporting 
link must be equal to lton. 

^ = ( 4 -87) 


2sin0/2 ’ 

R u = lton 

and neglecting the deformations due to the axial forces in the polygon: 


(4.88) 


-/{?, « 1 _ « 

11 1 D y D D‘ 


(4.89) 


The forces created by the external loading P are determined, starting the analysis 
similarly at joint 1. If the external loading is vertical the thrust is 

01 2 sin0/2 ’ 

and at joint i the axial forces are as follows: The tangential and radial components 
of all the forces acting at joint i are determined and because of equilibrium they 
are equal to zero. 

The radial components (Fig. 4/78b) are 

- Rtu - Pi cos (i — 1) 0 + sin 0/2(S o ,_y + So,) = 0, (4.90) 

and the tangential components are 


from where 


Pi sin (/ -1)0 + cos 0/2 (S oi _y - S 0l ) = 0, 


sin (i — 1)0 

Soi ~ Pi COS0/2 - + S °- 1 - 


(4.91) 


(4.92a) 


This equation is then used to compute all the other forces. The expression for 
the axial forces in the supporting members is: 


R 0 i = ~Pi cos (i -1)0 + sin 0/2 (S^ + S 0/ ). 
The displacement factor can now be calculated. 


(4.92b) 


« R 

_ V ■ A 0/ 


(4.93) 


and the value of Xy is obtained from Eq. 4.84. 
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The forces in the structure with the one redundant force will then be: 

R t = R tli + A \R t , (4.94) 

^ = S 0l + X x S u . (4.95) 

Next the indeterminate structure with the n + I redundant forces will be con¬ 
sidered. 

The M x , M 2 ,.. . , M„ moments are calculated from the following equations: 
a ol + a u + o 2 i M., 4- . , . + a nl M„ = 0, 

a ()2 + a 12 M\ + a 22 \1 2 + ... + a n2 M, = 0, 

Q( tll T (?i n M j 4* 0 2n \f 2 + . . . + ^nn 0, 

1 " - - 1 " f— — 

k ~ n Y. *01 *ki T cry X I ^0i ^ ki ^ > 

D , = i i-J J 

1 " _ J /’_ _ 

a km = -p .1 Rk, R mi + E J Z ) M ki Mmi <*S 

To determine the unit displacement factors a km one has to know the internal 
forces created by the unit moment which is applied at the joint of the indeter¬ 
minate structure to the first degree. But first the stresses in the determinate struc¬ 
ture must be determined. 

A unit moment applied at joint i will produce the following bar stresses in the 
statically determinate structure (Fig. 4/78): 

The stresses in the bars S lt ..., S n of the polygon will be equal to zero since 
the rotation of the joint will be balanced by two reactions at the adjacent hinges. 


14.96) 

(4.97) 

(4.98) 


3) 


b) 


Fig. 4/78. Reactions caused by a 
unit moment applied 
at a joint 



x 
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Considering the individual bars as simply supported beams the reactions due to 
the 1 tm moment applied at the joint i 


Ru-i —Rn + 1 - 


scos$/2 r sirup 1 


(4.99) 


R n = - 2 R ii+1 cos <f> = 


2cos <j> 
r sin <p 


(4.100) 


There will be no stresses created in the other members by this moment. 

From the stresses created by the M, = 1 tm moment in the structure which 
is indeterminate to the first degree, first the force X 1 has to be determined: 


v a oi 

A i -» 


a oi—(Ru~i + Ru R,t+i ) l -p-, 


(4.101) 


• 


Substituting the expressions given by Eqs 4.99 and 4.100 


1(2 cos <j> 2 

-- ' ^ - 


n \ r sin <p rsia<t>) nr sin (j> 


(l-cos</>). (4.102) 


Having determined X u the stresses in the supports of the indeterminate structure are. 

- „ . 2 cos <b 2 

Rii = R oi + • 1 = —t—V 4- 7—r (1 - cos 4>) = 

rsmcp nrsiiup 


~ -7—t[ 1 +(n- 1) cos 0], 

nr sin q> J 


(4.103) 


Rii -1 ~ Rii+1 —-:—T 4 -^—T 

r 0 sin <p nr 0 sm <p 


2 1 

-r—r (1 - cos <f>) = . . [2(1 - cos </>) - nl, 

sm <t> nrsmtp L 1 


in the other supports only X x will induce stresses 


Rim =- r—7 (1 - COS . 

nr sin <p 


(4.104) 
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Irrespective of the particular joint at which the unit moment is applied, the stresses 
created by it will always be the same (Fig. 4/78a) 

Of the factors a km for those for which m = k + 2 or m=k — 2 the second 
part of Eq. 4.98 will be equal to zero, since the angle change taking place is 
caused only by the rotation due to the settlement of the support as a result of 
the reactions at joints k + 1 and k — 1 (Fig. 4/79) 



to the external forces, and to the elastic displacement of the supports 


a kk — + (n — 3) /?*,■] + ’ (4.105) 

5-kk+ 1 = a kk -1 = —[2^*: Rkk+1 + 2*kk-iRki + (ft — 4)Rl,] 4- , (4.106) 

a kk+2 — a kk -2 = [^w-i + 2 R kk R ki + 2Rkk-i^ki + ( n ~ 5) • (4.107) 

The displacement factors a ok as a result of the loading P are as follows (Fig. 4/79): 

a 0k — [Rok R-kk + i.Rok — 1 + ^0* + l) Rkk-l + Rkt X ^Oi]- (4.108) 

D n- 3 

With the aid of the above expressions the factors a ok and a, k can be calculated 
and by solving Eqs 4.96, also the moments in the structure. 


25 Szdchy: The Art of Tunnelling 
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All the above calculations represent only the first step. So far it has been assumed 
that the ring is.elastically supported around its entire perimeter, but since the 
support cannot resist tensile forces, in the second step the calculations will have 
to be revised so that there should be no tensile forces in any of the supporting bars. 

To achieve this, concentrated loads a, p - /?', y — y' are applied successively 
at the points 1, 2, 3, 2', 3', etc. where tensile forces were indicated in the first 
analysis. The magnitude of these forces is so chosen that at points 1, 2, 3,..., 
etc. the reactions should be equal to zero (Fig. 4/80). This condition will yield 
the same number of equations as there were supports in tension. From these 
equations the forces a, /?, y etc. can be computed. Returning with these values 
to the solution of the fully supported ring the correct answer is obtained. The 
equations expressing the condition of zero reaction are 

for rod No. 1: 

Ri + (Ki - 1) a + R pi p + R n y = 0, (4.109) 

for rod No. 2: 

a + ~ 1) P + Ry2 7 — (4.110) 

for rod No. 3: 

Rs + + Rf 3P + (R y 3 — 1 ) y = 0 . 
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In the above equations R x , R 2 , R 3 represent the reactions in bars 1,2 and 3, respec¬ 
tively, for the case of the fully supported ring. R al , R x2 , R t3 ... are the reactions 
due to the a = 11 load, and similarly R pl , R p2 , R p3 and R yl , R y2 , R y3 are reactions 
caused by the unit loads /? = /?' = 1 t and y = y' = 1 t, respectively. 

The values of a, f) and y are determined from Eqs 4.109 and 4.110. 

Another remark remains to be made. For the last supporting bar, which is 
still in compression, the value of D has to be modified since in the expression for 
D = C s the value of s is smaller owing to the fact that the ring is not fully sup¬ 
ported along this section. Usually this value of D is assumed to be 1/2 D. 



(b) It is common practice to assume from the beginning the length of perimeter 
along which the ring will separate from its bedding and analyze only this partially 
supported ring. Tn this case the calculations can be carried out in one step. How¬ 
ever, if the assumptions prove to be wrong, the computations will have to be 
repeated. 

A polygon with 16 sides, and which replaces a circular ring loaded by a uni¬ 
formly distributed vertical load, is shown in Fig. 4/81. This structure is statically 
indeterminate to the 14th degree. However, as both the loading and the structure 
are symmetrical only 8 of the unknowns have to be determined. It can be reduced 
to a statically determinate structure by replacing 14 joints with hinges. Then the 
moments A/j - M{, M., - M 2 , ■ .., M 3 - M 3 are applied at the joints so that 
as a result of these moments there will be no movement at the Active hinges. 
(See left-hand side of Fig. 4/81.) Writing the condition of no movement for each 
joint we obtain 8 equations from which the 8 unknowns can be calculated. In the 
calculations for the exterior panel the value of D is taken as Z)/2. 


25- 
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The solution of the problem is demonstrated by a numerical example illustrated in Fie 
4/81. 

It is assumed that as a result of the deformation of the structure, the ring is not supported 
along the top quarter ring segment. The ring is then transformed to a determinate structure 
by installing hinges at joints 1, 3, 4, 5, 6, 7, 8, 9 and at the corresponding symmetrical joints 
(T, 3', etc). To determine the relative movements at these points one has to calculate the 
internal stresses of the structure as a result of both the external forces and the phantom 
unit moments applied at the hinges. 

r = 3 0 m; J = 0 000144 m 4 ; E = 10 000 000 t/m 2 ; 

C = 10 kg/cm 3 = 10 000 t/m 3 
the width of the investigated ring = 1 m; 

<t> — 22° 30'; s = 2 sin </>/2 = 1*17 m; / = r sin 45° = 2*12; 

/= r (1 — cos 45°) = 0-88 m; y = r (cos <t> - cos 2 <t>) = 0 65 m; 
i = r (sin 2c p — sin <t>) — 0’97 m. 

By reducing the uniformly distributed loading to single concentrated forces acting at the 
comer points we obtain: 

Pi = Is cos </>/2 = M5 t; 

s [ <j> 3 <b ) 

Pi = y (cos — + cos — = 1'06 t, 

„ si 3 <t> 5 <M 

F 3 = y COS —y + COS — y I =9 081 t , 

„ S ( 5<f> 7 d>\ 

Pi = y ^ cos ~2~ + cos ~Y I = 0 44 1 > 

j, = t( C 0S ^ L ) =011 t. 

The calculation of the stresses is started with the analysis of the 3-hinged arch, forming 
the top part of the ring (Fig. 4/82). 

V 0 = ~ + P t = 1-63 t. 


Fig. 4/82. The three-hinged 

top section of the polygonal ring 
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Writing the moments about point 1: 

- V n l+. HJ+ P 2 a = 0; H 0 = y{V 0 l-P 3 d) = 2-5.6 t, 

5 01 = — H 0 cos <t>/2 — (F c — 7\) sin 0/2 = — 2-62 t s 

5 02 = —H „cos 1-50 — K 0 sin 1’50 = —3-04 t, 

M 02 = -2 56' X 0-65 + 165 'X 0‘973 = -0-015 tm. 

Next the stresses in the hinged polygon are determined. The tangential components of all 
forces acting at joint 3 (Fig. 4/82) are: 

— (7*3 + V u ) sin 20 - H 0 cos 20 = * 03 cos 0/2, 

s a3 =-W [< p 3 + Vo) sin 20 + H 0 cos 20] = -3-62 t, 

cos 0/2 1 J 

and the radial components of the same forces are: 

R 03 = (P 3 + K„) cos 20 — H 0 sin 20 — s 03 sin 0/2 = —0-787 t. 

The stresses in the other members are calculated similarly from the condition of equilibrium 
of all forces acting at the joints. 

In the remaining members the stresses are all the same and equal to 

-*06 _ ^07 — = 4 15 t, 

Poo — Pol — 7?o8 ~ 2s 03 s * n = 1 ^2 t. 

Summarizing the stresses and moments from the external loading (Fig. 4/83): 


f p = 1 t/m 

irrmri-niiiiiiiiiiiiiimiinui iiiiiirrii iii 



Fig. 4/83. Internal forces 
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*.,3 = -0-787 t 
R ui = -1-3*2 t 
R„, = —159 t 

^06 = Ru 7 —Ron — R'Cl — —1-62 t 

4-5 t 

For the calculation of the internal stresses due to the unit moments first the 3-hinged 
arch section is analyzed: 

K= 0 ; tf = -L = M4 t, 

511 — # cos 0/2 = — 1*12 t, 

5 12 = H cos l-5tf> = 0 95 t, 

M,= H r = +1-14x0-65 = +0-74 tm. 

To the analysis of the hinged polygon: the tangential components of the forces acting 
at joint 3 are: 


Axial stresses are: 

S ol = -2-62 t 
5„, = -3 04 t 
S 03 = 3"62 t 

5 W = -4-03 t 
S M = -4-15 t 


H cos 2(j> — 5,3 cos 0/2 = 0 , 


5 


13 


H cos 20 
cos 0/2 


= +0-821 t. 


and the radial components are: 


77 sin 20 + 5 13 sin 0/2 — R 2 = 0, 

R 2 = H sin 20 + 5,3 sin 0/2 = +0-965 t, 

R 1 4 = *5, d — 5,„ — 5 , 7 = 5,g = +0*821 t. 

R 3 = 25„ sin 0/2 = +0-32 t, 

R t = R 3 + R s = R, = R a = +0-32 t. 

The internal stresses produced by the unit moments applied at joints 3 , 4 , 5 , 6 , 7, 8 and 
9 can be found in a similar manner. The resftlts are indicated in Figs 4/84a-d. The stresses 
due to M <t , AT, and are identical with that created by Af 6 . Next, the factors a ik and n„. 
are calculated: 



s ! s k , v 7?, R k 
EF + L D 


D = Cs = 10 000x1-17 = 11 700 t/m 2 , 


EJ = 10 000 000 t/m 2 X 0 000144 m 4 = 1440 tm 2 . 
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Fig. 4/84. Stresses and 

reactions caused by unit moments applied at different joints 


The strains due to the axial forces are neglected and for simplicity the EJa lk terms are 
calculated. 

Thus: 

a', k = M, M k di + Y R ‘ R k —p- • 

/ EJ 
M„M k As + Y R oR k ~^-; 


EJ 

IT 


1 440 
11 100 


0123. 


The value of D' is assumed to be D/2 at the first 45" support and hence 


EJ 


- 02^ 
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The calculation of a n (see the moments and axial forces indicated in Fig. 4/83; 
the moment diagram for m\ is illustrated in Fig. 4/85): 


2s 2s 

11 = T m ‘ J + ~ 6 ~ 

2s 


1+4 jm li +m iL V 


+ ml 


+ ^2Rl 3 + ~llRU = 


2s 


3 '0-548 + — (1 + 4X 0-756 + 0'548) + 0-246 X 2X 0965 2 + 


-f 0’123 X 11 X 0-32 2 = 2-81. 



Fig. 4/85. Work diagram due to the 

rotational displacement of the three-hinged arch 
(for the calculation of a u ) 


Fig, 4/86. Moment diagrams 

of a mixed displacement factor (o 13 ) 



The m 3 and m 3 moment diagrams used for the calculation of a 13 are given in Fig. 4/86. 
Determining the areas of the moment diagrams and adding to them the products 


z 


x,R, 


EJ 

~zT 


<3 


“13 = -g- Fo - -jy 2R 13 R 33 + — 2 R lt Rn - —9 R ls 4=-(0+4x 0-113 + 

+ 0 192 + 0 192 + 4 X 0-233) - 0-246x2 X 0 965 X 1-836 + 0-32 X 0-419 - 
- 0-123 X 2 — 0-32 X 4-53 x 0 123 x 9 = -0-309 ; 

“h = 2 X 0-965 X 0-871 X 0246x2 X 1-61 X O'32 X 0 123 + 2 X 0 871 X 0-32 X 0'123 = 
= +0-355 ; 
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a ls = 0123 X 2 X 0 32 (0 871 X 2 - 1-61) = +0 0104; 
a l6 = d l7 = <z 48 — +0*0104; 
u l9 = +0*005. 

The other a ik and a ok factors are calculated in a similar way, the results of which are as 
follows: 


da = 

+ 2*81 

a 33 = + 3*797 

a 44 = + 2*758 

ajj = + 2*571 

a 13 

- 0*309 

a 34 = — 0*658 

a 43 = - 0*298 

= 0*298 

du = 

+ 0*355 

d 3s = + 0*1725 

a 48 = + 0*187 

a 57 = + 0*187 

a ls = 

+ 0*0104 

d 3e = — 0*0145 

<j 47 = 0 

o 

II 

u* 

ft 

M 

o» 

II 

+ 0*0104 

d 37 = - 0*0145 

o 

II 

«? 

a 59 — 0 

a 17 = 

+ 0*0104 

a 38 = — 0*0145 

a 49 = 0 


a 18 = 

+ 0*0104 

d m = - 0*007 



a 19 

+ 0*0052 




a 66 = 

+ 2*571 

d 77 = + 2*571 

a ss = f 2*758 

a M = + 1*285 

a 67 = 

- 0*298 

d n = - 0*298 

u 89 0*298 


a 68 = 

+ 0*187 

a , 9 = + 0*187 



a S9 = 

0 




fl 01 = 

- 1*165 

a 03 = + 1*325 

a M = - 0*154 

a 06 = 0 

a 06 = 

- 0*0465 

d„ 7 = — 0*0525 

a os = - 0*0525 

o 09 = — 0*0262 


The equations for the moments are as follows: 
a n M 4 + a t3 M s + M 4 + a u M 5 + a 16 M 6 + a l7 M 7 + a lg M, + a I9 M 9 + a 01 = 0 

a n M, + a 33 M 3 + a 3l M 3 + a 3S M 3 + a 3(s Mg + d 37 M, + a 38 M 8 + a 39 M 9 + a 03 = 0 

a 4 i M 3 + q 3 3 M 3 + da M 3 + di s M 3 + Cl jc Mq + dyj M 7 + d 33 M 3 + d 33 M 3 + d 33 = 0 

+i Mi + d S3 M 3 + a sl Mi + a 55 M 5 + a 36 M„ + a 57 M 7 + a 3H M K + a 59 M 9 + a 06 = 0 

a rA M 3 + d G3 M 3 + ii/u Mi + « 65 M 3 + o 6 g Mg + u 9 7 M 7 + Ugg -Mg + d 33 -Vfg + d 3e = 0 

a 7 i Mj + a 73 M 3 + a 74 Mi + o 75 M s + a 76 M 8 + a-- M, + a- 8 M 8 + a 79 M 9 + a 07 = 0 

°8i Mi + +u M 3 + a 84 M 4 + a 85 M. + a 88 M 0 + a 87 M, + a 88 M„ + a 89 M 9 + = 0 

a 9i Mj + a 93 M 3 + a 94 M 4 + a 9S M s + a 90 M e + a 97 M, + a 98 M 8 + a 99 M 9 + = 0 


The equation system is solved by the Gauss elimination process (Table 4/VI). 



Table 4/VI 



Af, 

Af, 

M, 

M, 

M. 

M, 

M, 

M, 

P 

I 


I 

+ 2-810 

-0-309 

+ 0-355 

+ 0010 

+ 0010 

+ 0010 

+ 0010 

+ 0005 

-1165 

+ 1-736 


2 

-0-309 

+ 3-797 

-0-658 

+ 0-172 

-0014 

-0014 

-0014 

-0007 

+ 1-325 

+ 4-278 


al 

+ 0-309 

-0037 

+ 0039 

+ 0001 

+0 001 

+ 0001 

+ 0001 

+ 0 001 

-0128 

+ 0191 

a = +01100 

II 


+ 3-763 

-0-619 

+ 0173 

-0013 

-0013 

-0013 

-0006 

+ 1-197 

+ 4-469 


3 

+ 0-355 

-0-658 

+ 2-758 

-0-298 

+ 0187 

0 

0 

0 

-0-154 

+ 2190 


al 

-0-355 

+ 0039 

-0 045 

-0 001 

-0001 

-0001 

-0 001 

-0 001 

+ 0-147 

-0-219 

a = -01262 

all 


+ 0-620 

-0102 

+ 0028 

-0 002 

-0 002 

-0 002 

-0 001 

+ 0198 

+ 0-739 

a = +0165 

III 



+ 2-611 

-0-271 

+ 0184 

-0 003 

-0 003 

-0 002 

+ 0191 

+ 2-710 


4 

+ 0-010 

+ 0-172 

-0-298 

+ 2-571 

-0-298 

+ 0187 

0 

0 

0 

+ 2-344 


al 

-0010 

+ 0001 

-0001 

0 

0 

0 

0 

0 

+ 0004 

-0 006 

a = -0-00356 

all 


— 0173 

+ 0028 

-0008 

+ 0001 

+ 0 001 

+ 0001 

0 

-0055 

-0-206 

a = -0046 

alii 



+ 0-271 

-0028 

+ 0019 

0 

0 

0 

+ 0020 

+ 0-282* 

a = 0104 

IV 




+ 2-535 

-0-278 

+ 0188 

+ 0001 

0 

-0031 

+ 2-414 


5 

+ 0010 

-0014 

+ 0167 

-0-298 

+ 2-571 

-0-298 

+ 0187 

0 

-0046 

+ 2-298 


al 

-0010 

+ 0 001 

-0 001 

0 

0 

0 

0 

0 

+ 0004 

-0 006 

a = -000356 

all 


+ 0013 

-0002 

+ 0001 

0 

0 

0 

0 

+ 0004 

+ 0016 

a = +000346 

alii 



-0184 

+ 0019 

-0013 

0 

0 

0 

-0014 

-0192 

a = -00705 

alV 




+ 0-278 

-0031 

+ 0021 

0 

0 

-0002 

+ 0-264 

a = 01096 

V 





+ 2-527 

-0-277 

+ 00187 

0 

-0055 

+ 2-381 


6 

+ 0010 

-0014 

0 

+ 0187 

-0-298 

+ 2-571 

— 0*298 

+ 0-187 

-0052 

+ 2-293 


al 

-0010 

+ 0001 

-0001 

0 

0 

0 

0 

0 

+ 0 004 

-0006 

a = -0 00356 

all 


+ 0-013 

-0002 

+ 0001 

0 

0 

0 

0 

+ 0004 

+ 0016 

a = +000346 

all! 



+ 0 003 

0 

0 

o 

0 

0 

0 

+ 0003 

a = +0-00115 

alV 




-0189 

+0 021 

-0014 

0 

0 

f 0-002 

-0-179 

a = -0-0745 

aV 





+ 0-277 

-0030 

+ 0-020 

0 

-0 006 

+ 0-261 

a = +0-1096 


« 
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Tablk 4/VI (cont.) 



Af. 

Af, 

Af. 

Af, 

Af. 

Af, 

Af, 

Af. 

P 

I 


VI 






+ 2-5-27 

-0-278 

+ 0-187 

-0048 

+ 2-388 


7 

«I 

all 

,111 

alV 

aV 

aVI 

+ 0010 
-C010 

-0014 
+ 0001 
+ 0013 

0 

-0 001 
-0 002 
+ 0-003 

0 

0 

+ 0001 

0 

-0 001 

+ 0-187 

0 

0 

0 

0 

-0-187 

-0-298 

0 

0 

0 

0 

+ 0031 
+ 0-277 

+ 2-758 

0 

0 

0 

0 

-0014 

-0031 

-0-296 

0 

0 

0 

0 

0 

+ 0021 

-0052 
+ 0004 
+ 0084 
0 

0 

+ 0 004 
-0*005 

+ 2-293 
-0006 
+ 0016 
+ 0003 
-0001 
-0-176 
+ 0-263 

a = -0003 56 
a = +0003 46 
a = +0001 15 

VII 







+ 2-713 

-0-277 

-0 045 

+ 2-392 


8 

erf 

all 

alii 

alV 

aV 

aVI 

aVII 

+ 0005 
-0 005 

-0 007 
0 

+0007 

0 

0 

-0001 
+ 0 002 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+ 0187 
0 

0 

0 

0 

0 

-0187 

-0-298 

0 

0 

0 

0 

0 

+ 0021 
+ 0-277 

+ 1-285 
0 

0 

0 

0 

0 

-0-014 
-0 028 

-00262 

0 

0 

0 

0 

0 

+ 0 004 
-0-005 

+ 1-146 
-0 003 
+ 0008 
+0002 
0 

0 

-0177 
+ 0-245 

a = -0001 78 
a = +0-001 73 
a = C-000 76 

a = 0 

a = 0 

a = -0074 
a = +0-1023 

VIII 








+ 1-243 

-0023 

+ 1-221 



The Af,, M; .M, values are obtained from equations I, II.VIII by substituting successively the known results 

VIII. 1-243 Af, - 0 023 = 0; VII. 2-713 Af, - 0-277 Af, - 0 045 = 0; 

VI. 2-527 AT, — 0-278 Af, + 0-187 Af, — 0 048 = 0; V. 2-527 Af, — 0-277 Af, + 0 0187 Af, — 0 055 = 0; 

IV. 2-535 Af, - 0-278 Af, + 0188 Af, + 0 001 Af, - 0 031 — 0; 

III. 2-611 Af, - 0-271 Af, + 0-184 Af, - 0-003 Af, - 0 003 Af, - 0 002 M, + 0191 = 0; 

II. 3-763 M l - 0-619 AT, + 0173 M s - 0-013 Af, - 0 013 M, - 0 013 Af» - 0 06 M, + 1197 = 0; 

I. 2-810 M, - 0-309 Af s + 0 355 M, + 0 010 Af, + 0 010 Af, + 0 010 Af, + 0 010 Af, + 0 005 Af, - 1165 -0. 
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And from the above set of equations we obtain the following values: 

Af 9 = + 0 0185 = + 0 0225 M 3 = - 0 331 

= + °'°185 M b = + 0-0133 M, = + 0-1265 

Af, = + 0-0197 M t — — 0-0735 Afj = + 0'388 

The final moment diagram is shown superimposed on the ring in Fig. 4/87. 

These results are notably differ¬ 
ent from those obtained by the 
Bodrov-Gorelik method. Only 
the shape of the two diagrams 
is similar and also the maximum 
values of the positive moment at 
the crown are in good agreement 
(see Fig. 4/73). 


43.33. Bougayeva's Method 4 - s 

For the design of the elastically 
embedded ring, Bougayeva de¬ 
veloped a simple method which 
provides an approximate but 
quick solution. 4 - 8 
The method takes the elastic 
embedment into account by de¬ 
termining the approximate val¬ 
ues of the elastic reactions so that they satisfy both the condition of equilibrium 
and the condition which states that the displacement of the structure and of the 
embedment at the springing line are equal. Thus, only at these two diametri¬ 
cally opposite points is the magnitude of the elastic reaction correct. At any other 
point the magnitude and distribution of the reaction are arbitrarily assumed val¬ 
ues, which, however, are close to their real values. 

The distribution of the subgrade reaction as a result of a uniformly distributed 
vertical loading is illustrated in Fig. 4/88. Typical values of this diagram are 
given by the following expressions: 

if £ < 45° the reaction is zero; 

if 45° < { < 90°; C5 = C8„ cos 2£; 



if 90° < £ < 180°; C5 = C5 V sin 2 £ + C<5 /C os 2 £ 

4 5 Bougayeva, O.: Raschoti tonnelnikh obdyelok krugovovo oschertaniya (Computation 
ol circular tunnel linings ) Izvestiya Gidrotekhniki, 1951 

4 6 Zurabov, T. and Bougayeva O.: Gidrotekhnicheskic Tunneli (Tunnels for hydraulic 
power plants), Gosenergizdat, Moscow 1962 p 352 
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Fig. 4/88. The distribution 

of soil reactions according 
to Bougayeva 




The structure is analyzed as a statically indeterminate structure to the third 
degree and, therefore, further two equations are required to determine the 
unknown values of C5 V and CS f . These are: the equation expressing the equi¬ 
librium of the forces, and the equation in which the horizontal deflection of the 
ring is equated to the compression of the soil at this point. 

The analysis for a symmetrical and uniformly distributed vertical load (Fig. 4/89) 
is carried out in the usual manner. First the ring is reduced to a determinate 
structure by cutting it through at the crown. Then by the application of the 
moment X x and forces X z and X s at the elastic centre, the reduced structure is 
made to act as the continuous, indeterminate structure. 
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Because of symmetry the force X 3 will be equal to zero. X, and X 2 are deter¬ 
mined from the condition of zero displacement at the crown. 


X 1 a n + o 01 = 0, (4.111) 

X 2 a 22 + «02 =0. (4.112 

Because of the symmetry the displacement factors are calculated for the half 
section only: 


n 



0 


n r 
EJ’ 


* X 

„ _ {' m t dj - f r 3 cos 2 <j) d <t> nr 3 

“~J ~ET = 1 J - Tj -2 EJ ‘ 

o 0 

The coefficients a 0l , a 02 are expressed as functions of C,<5„ and 6 f . 
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The moment diagram is determined first for the statically determinate girder 
from the external loading. The half ring is divided into three sections and the 
moments for each are determined separately (Fig. 4/90). 

There are no reactions within the zone where: 0 < 0 < 7r/4. 


4> 

M' = - J pr k cos f (r sin0 - r k sin 0 df = - — pr k r |2 
0 



sin 2 <p, 


and adopting the notation 



r 


Mq = — — pr k ret sin 2 <t> 


14.1131 


the moment where n /4 < <p < n/2 (Fig. 4/90b) 

4> 


1 r 1 

M'l = — — pr k a sin 2 0 — I Cbr sin (0 — £) r k d£ = — — pr k ra sin 2 <j> + 

*/4 

4> 

+ Cb t , r k r J cos 2£ sin (0 - £) d<j; = - i pr k ra. sin 2 <p ~ 

*/4 

B 


— Cb v r k r — cos 20 + 0 - 4714 (sin 0 - cos 0) 


(4.114) 


and in the third section where n/2 < 0 < 7t the moment can be computed as 
follows: 

The forces transmitted from the upper sections are represented by the resultant 
of their vertical and horizontal components and a moment 

<p 

Ml" = M + P y r (1 — sin0) + P H r-co%E, - J Cbr sin (0 — g)r k d<* 

In this expression 


n/2 


M = ——p/j-ra — 01381 Cb v r k r , 

*/2 

Pv = pr k + J" G5 cos £ r k d£ = r k (p + 0T381 Cb v ) ; 

«/4 

nl2 

P ""j 


C<5 sin = 0*4714 C<5 0 /* 


* 
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Substituting these values into the expression for M : £ and integrating 

Mg" = - r k r[p(siiul> + 0'5a - 1) + C<5„(-0-4714cos<£ - 0-1953 sin^-f 


+ — cos 2 <f> + 0 - 5) + C5f(0'5 — 0 1667 cos 2<j> — 0’6667 sin <^>)]. 


(4.115) 


Then writing the expressions for a ox and a 02 

f M om x A _ f M 0 J [M 0 m 2 , fM„>>dr 

Jt/4 n/2 * 

a ° 1 = lv j M <> d<t> + \ M 'o d <t>+ \Mi’'d(j> ■ 

0 Jl/4 it/2 

and making the appropriate substitutions 

2 

° 01 = “ ‘^5 _ [ /7(1 ‘ 1781a - °‘ 5708 ) + 1 0899 cd ° + O H 875 Cb f ]; 

r 2 f 

a °2 = - — IM o cos0 d$ = 

^ */4 lt/2 7t 

= — yy J | M^ cos< £ d<£ + j Mo cos$ d</> + J M’o" cos<£ d (j) • • 

0 it/4 ji/2 

a° 2 = --yy-j^jo-5 -y) -0-823520-111 llCS, . 

Writing these values of o 01) a 02 , a n and a 22 into Eqs 4.111 and 4.112 we obtain; 
Xi = r k r [p(0-375a - 0-18169) + 0-34694C<5 v + 0-03778G5,]; (4.116) 

X 2 = r k [p(0-21221a - 0-31831) + 0-52427C<5 v + 0-07073C^]. (4.117) 

To determine 5 „ and <5y two additional equations must be established: 

<5 V = 3q v + X x 5 u + X 2 S 2 „ (4.118) 

and the sum of the vertical components of all forces is equal to zero 


IY = 0. 


(4.119) 
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In Eq. 4.118 the value <5 0v is the displacement of a point of the reduced structure 
located at the horizontal diameter and caused by the external loadings on the 
structure. Similarly <5 lv and <> 2v represent the displacement of the same point owing 
to the action of the unit moment = 1 tm and of the unit force X 2 — 11, re¬ 
spectively. 

^— I A/,, m, d s , where m 1 = ltm, M„ = - rcoscp , 

EJ ) 


K ~ ~W r ' + 


""ErJ 


m 2 cLs, m 2 = — r cos <j) , 


^ = + ~EJ J 


r 3 cos 2 4 >d(j) = 


<5 0v = j M ° M v di= --jrj J cos^drf> = 


——[0‘5p(1 - a) - 0-82807C«5 v - OlllllC^] 
EJ 


On substituting these values into Eq. 4.118 we obtain 


’ r*r*C 


+ 0 06937 = p(0-06831 + 0'04167a) - 0 01778C<5 r (4.120) 


and Eq. 4.119 becomes 


pr k + 0'1381C(5 v r^ + j Cr k (<S V sin 2 £ + fycos 2 £) cos £ d£ = 0 


p - 0‘1933C(5 V -yC^O 


Writing the above equation into Eq. 4.120 and rearranging it we have. 

0-04l67(l+a) 0-0122 (I -t-«) 

v m + 0-06416 ^ l P m 4-0-06416 


26 Sz6chy: The Art of Tunnelling 
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From where the expressions for Xj and X 2 as given in Eqs 4.116 and 4.117 
will become 


x i = Pr k r 


X 2 — P r k 


|0'385a- 0-125 + - 
0-21221 (a - i) + - 


0-014(1 +,«)' 
m + 0-06416 

0-021 (1 + a) 
m + 0-06416 


]= 

]• 


(4.121) 

(4.122) 


Knowing X k and X 2 , the stresses at any point of the ring can be calculated 

M = M 0 + X x - X 2 r cos <f>, (4.123) 

N = N 0 + X 2 cos <p. • (4 124 

Writing into these equations the values of X x and X 2 , Bougayeva derived for the 
moments and normal forces at an arbitrary point of the ring the following expres¬ 
sions: 


M = pr k r [Ax + B + C>(1 + a)]. 


N = pr k [Da + F + Gn( 1 + a)]. 

She also gave tabulated values for A, B, C u D, F and G: 

1 „ EJ 

n ~ m + 006416 m ~ r k r 3 C 



A 

B 

C, 

D 

F 

G 

0 = 0 

0-1628 

0-0872 

+ 0-0070 

0-2122 

-0-2122 

0-02100 

nj 4 

-0 0250 

00250 

-0 00084 

01500 

0-3500 

0-01485 

71/2 

-0-1250 

-01250 

000825 

00000 

1 0000 

0-00575 

3ji/2 

00250 

-00250 

0 00022 

-0-1500 

0-9000 

001380 

71 

0-0872 

01628 

-000837 

-0-2122 

0-7122 

0-02240 


If we now calculate the moments for the previously solved numerical example 
we obtain the moment diagram indicated in Fig. 4/91: 


r — 3 0 m = r k , 

J = 5 000 144 m 4 , 


10 000 000x0-000144 
3 4 x 10 000x1-0 


0144 
~ 81 


= 0-00178, 


E = 10 000 000 t/m 2 , 
C= 10000t/m 3 , 


1 

0-00178 + 0-06416 


15-2, 
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Fig. 4/91. Moment diagram 


2 — 1 M = 9[A + B + 30-4CJ 

b - the width of the ring - 1 m. 

These results indicate that the ap¬ 
proximate values of this method are 
in good agreement with those ob¬ 
tained earlier. The character of the 
moment diagram is identical with 
those determined by either the poly¬ 
gon or by the Bodrov-Gorelik 
method (see Figs 4/87 and 4/73). 

The values for the moment at the 
crown and the upper quadrants are 
within 10% of the moments calcu¬ 
lated by the Bodrov-Gorelik 
method, and become negligible in 
the lower half section of the ring. 

In the following we shall demonstrate by a few examples the extent to which 
the moment at the crown is affected by the coefficient of subgrade reaction. 



C = 50 kg/cm 3 
C = 10 kg/cm 3 
C = 1 kg/cm 3 
C = 0 


M max = 0-033 pr 2 
M max = 0-034pr 2 
A/ max =0-079^ 
M max =0-25 pr* 


As shown, with an increase of the coefficient of subgrade reaction there is a 
decrease in the the moment but this tendency rapidly diminishes if C > 10 kg/cm 3 . 

The above values, and the diagrammatic representation in Fig. 4/92A. both 
illustrate that even a small value of subgrade reaction considerably decreases the 
moments and stresses in the structure as compared with the case of no lateral 
support. 


Fig. 4/92A. Variation of the crown 
moment as a function of 
subgrade reaction 



26* 
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The maximum value of the moment is 

M max =pr 2 [A + B + CM (4.125) 

when neglecting the difference between inside and outside diameters. 

By substituting the constants we get 


W m ax = pr 2 


0-25 -0-007x2 


1 


m + 0-06416 


= pr 


0-25 - 


0-014 


m + 006416 


The variation of the term inside the brackets as a function of m is illustrated 
in Fig. 4/92B. (For comparison the values obtained by Davidov’s method, as will 



Fig. 4/92B. Variation of the crown 
moment as a function 
of the rigidity of the 
ring and the 
subgrade reactions 


be discussed in the next section, are also shown in the same figure.) An inspection 
of Fig. 4/92B also indicates that the maximum moment increases from 0-032 pr 2 
to 0-25 pr 2 , i.e. about 7 or 8 times while the degree of lateral support ranges from 


full restraint to no support. When the value of m = 


EJ 

~Cr* 


is increasing from 0 to 1, 


the moment is also considerably increasing. This increase of the moment is quite 
rapid for small values of m, then tapers off gradually and becomes unimportant 
for m values greater than 1-0, and while the value of m changes from 1*0 to oo 
the moment increases only from 0-237 to 0-25. That is, even a small lateral support 
can considerably reduce bending stresses in the structure. However, the bene¬ 
ficial effect of the subgrade reaction is felt only up to a certain point, beyond which 
a further increase in the coefficient of subgrade reaction will have no practical 
effect on the magnitude of the moment (see also Fig. 4/92A). 

For all practical purposes one can say that if the value of m is greater than 1-0 
then the effect of lateral support can be regarded as insignificant. However, for 
cast-iron segments and liner plates even if C = 20 kg/cm s the value of m is less 
than 0-05, i.e. it is in the range where the moment varies rapidly with a small 
change of the subgrade reaction (see Figs 4/92A and 4/92B). According to the 
foregoing calculations the moment will range between 0-03 pr 2 and 0-05 pr 2 . 

It may be mentioned here, that according to the experience gained with the 
dimensioning of the various circular sections of the Budapest subway it is always 
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Fig. 4/93. Scheme of equivalent 
arches for rapid 
determination of 
max. B.M. 



the top section without subgrades where the maximum B.M. values are acting. 
These B.M. values will act on the crown section and its value may be computed 
with sufficient approximation in the following way: 

Let us substitute the circular ring either by a hingeless arch with a central angle 
of 120° or by a two-hinged arch with a central angle of 90° (Fig. 4/93). When these 
equivalent girders are of the same radius and loaded by the same uniformly dis¬ 
tributed external load p, then the computed B.M. values will be about 0-03 
pr 2 and will correspond well with the B.M. values acting in the case of an 
entriely rigid embedment. Should the section be elastically embedded and cha¬ 
racterized by an elastic subgrade coefficient C, the upper limit of which cannot 
be more than 20 kg/cm 3 , then 


M miX = pr 2 0-25 - 


0-014 


m + 0-0642 


= pr~ 


0-25 


0-014 

0-1172/ 


0-127 pr 2 


where the value of m is taken according to Bougayeva’s method (cf. Eqs4.121 
and 4.122). 


43.34. Davidov's Method 


For the analysis of circular tunnel sections Davidov also developed an approxi¬ 
mate method in which his assumption as to the distribution of the ground reac¬ 
tion is similar to those made by Zurabov and Bougayeva for horseshoe sections 


(Section 42.21) 

The variation of the ground reaction is 
expressed as a second degree trigono¬ 
metrical function, so that the condition 
of elastic embedment is satisfied only 
at the points of the horizontal diameter. 

For the case of a uniformly distri¬ 
buted vertical load the external forces 
acting on a circular ring section are shown 
in Fig. 4/94. For simplicity the lateral 
active earth pressure diagram, is assu¬ 
med to have a similar shape to the dis¬ 
tribution of the lateral earth resistance, e v 


t .ni 7TTr muiium^ i t i nmii i 



Fig. 4/94. Forces acting on a ring beam 
(Davidov) 
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The calculation is carried out in the following steps: 

1. The stresses in the ring are determined, neglecting the effect of the lateral earth reaction 
and also the deflection at the horizontal diameter 


u p 



M„ M h rd<p 
EJ 


where M p = the moment due to external load 

M H — the moment caused by the load H = It. 

Thus 

= pr 4 
\2EJ 


(4.126) 


2. The stresses, due to the horizontal load e 2 are calculated, and the horizontal deflection 
u 2 of the structure is determined for this load condition: 


101 r* 
1440 EJ ' 


3. Next the compression of the soil «„ caused by the initial horizontal pressure e, is calculat¬ 
ed at the line of the horizontal diameter: 


u, 


eH, 

E 0 


(4.127) 


The value of e is that value of the horizontal loading by which the compression of the 
soil just begins 


Up 

u p + u 2 e — 0, e — — -—-. 

«2 

Substituting the values of u p and « 2 


e = 1-19 p. 

4. Then e 2 is determined, utilizing the expression that the deflection of the structure must 
be equal to the compression of the soil: 


u„ + e 2 u 2 = u, e 2 
Pr* 

u p = 12 

u, — u 2 EJH, 101 
E 0 + 1440 


(4.128) 


Having determined e 2 , all external loads are known and thus both the moments and 
the axial forces in the structure can be calculated. 

Another noted difference between Davidov’s and other methods considering the elastic 
embedment of the tunnel section, is that he does not use the coefficient of subgrade reaction 
to determine the compression of the soil but calculates it in the way as settlement analyses 
are carried out. 
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The compression of the soil 


u, 


e JL 

E„ 


where e is the loading, ti t is the thickness of the earth column considered to be compressed, 
and E 0 is the modulus of compressibility of the soil. 

When determining H, = rjr, he assumes an active zone limited by the condition that there 
the maximum value of soil stresses due to lateral pressure just attains 120 % of the geostatic 


pressure 


^max — l’2(7 geo !_ Ae 


(4.129) 


The corresponding values of r\ and A are tabulated by him. Thus Davidov eliminates 
the use of the coefficient of subgrade reaction. 

Substituting the numerical values of the previous example (see Fig. 4/71), 


r = 3 m, p = 1 tm 


EJ 

H ‘ 

0-0835 

00835 

r* 

E 0 

* 2 1 + 0-07 

1-07 

EJ 

Ht - 01 

00835 

= 0-49 

r* 

^“ 01 

0-1 + 0-07 


The resulting moments: 

from the loading p: M„ = (1 — 2 sin 2 </>), 


and from the loading e 2 : M e = —(21 — 48 cos 2 4> + 8 cos 4 <j >) 


At the crown for the combined effect: 

pr 2 19 


M = -— e 2 r 2 = r ! 


(t- 


19e, 

96 


4 96 

and substituting the numerical values 

M = 0'234r 2 M' = 0153 r 2 

Comparing the results with those calculated by Bougayeva’s method we obtain • 



Moment 


Bougayeva 

Davidov 

-^-=1 

r*C 

0-237r 2 

0-234r 2 

6 

II 

0165r 2 

0153r 2 

"--0-01 

r*C 

0 062r 2 

0-044r 2 

"--0 

r*C 

0-032r* 

0015r? 
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The values calculated by Davidov’s method are consistently lower, because he considers the 
lateral support to be acting along the full height of the section, while Bougayeva neglects the 
support on the upper quadrant. The deviation between the results becomes increasingly 
larger with the rigidity of the support. 

The moment diagram is symmetrical about both axes, and thus it does not reflect what 
experience and observation indicates, namely, that the moments in the top part are larger 
than in the bottom part. Therefore Bougayeva’s method is considered to be more accurate. 


43.35. Varga's Development 

By developing and simplifying Davidov’s assumptions, L. Varga 4 - 7 arrived 
at a very simple approximate method for the solution of an elastically supported 
ring section. 

He assumed the distribution of the subgrade reaction to be triangular as indi¬ 
cated in Fig. 4/95, which, he calculates, would result in about 3%-4% inaccuracy 
only. 



Fig. 4/95. The lateral 
support of a 
ring beam, 
according to 
L. Varga 


When calculating lateral displacements, instead of considering the coefficient 
of subgrade reaction, he computes the compression of the soil. He does this by 
considering the two triangular loadings acting on the vertical tangent of the ring, 
as uniformly distributed vertical pressures, from where he calculates the horizon¬ 
tal stresses and the compression of an m 0 = 3-5r thick layer, using the modulus 
of compressibility of the soil. 

The derived values for the double triangular loading are : 

For the upper half 

if 0 < a < 45° 

The reduced moments are 
Ma 4 

— r = —- (0-248613 — 0-378155 cos a). 
qr 3 ’ 


‘■' Varga, L.: Szimmetrikusan terhelt allando vastagsagu korboltozatok es korszelvenyu 
alagutfalak meretezese (Dimensioning of symmetrically loaded circular tunnel linings of 
constant wall thickness). EKMUE Tudomdnyos Kozl. 1961 
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4C9 


The reduced thrust is 


if 45° < a < 90° 
the reduced moment is 


N 4 

-AL = — 0-378155 cos a ; 
qr 3 


A/ / 4 [ cos^ oc 

i = — 0-165280 - 0-024601 cos a-—0-235702 cos 3 a ; 

' 2 \ 2 


the reduced thrust is 


JV' 3 / _ i 

—- = — cos a 0-024601 + cos a — w'0' 5 cos 2 a . 

qr 4 { I 

In the lower half 
the reduced moment is 

= — fo-165280 + 0-024601 sin/? - + 0-166667 sin 3 /? ; 

qr 1 3 2 ) 

the reduced thrust is 


+ i_ s in p (sin /? 2 - - 0-024601 

qr 3 2 


the horizontal displacement is 


A = - 0-067408 


’ 


the displacement factor is 


3 = AEb f - =-0-808896 

qr 4 

(where u = the wall thickness). 

The approximate value for the compression of the soil is 


from where 


y=l-75q —, 
E, 


E, 

q = TlS~r y 


(4.130) 


where E, = the modulus of compressibility of the soil. 
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The method enables one to take into consideration the initial void h, left between 
the structure and the surrounding ground due to improper grouting. On the basis 
of the identity of displacements we get 

where p t is the external loading on the ring, and S t is the corresponding displace¬ 
ment factor at the springing, which are either known or can be calculated. Thus, 
from the equation for a given value of p, q can be calculated and the design of 
the ring completed. To facilitate the calculations, in his paper the author provides 
tables for the values of M and N. 


43.36. Meissner's and Orlov's Methods 


Meissner bases his computations on a further simplifying assumption. In his 
paper (Bauingenieur , 1964, No. 4) he deals with the dimensioning of flexible 
shield-driven circular tunnels composed of articulated jointed lining segments. 

He assumes in his approximate method that both vertical and horizontal pres¬ 
sures are uniformly distributed (Fig. 4/51) and that their original magnitude is 
equal to the overburden pressure and to the earth pressure at rest, respectively. 

But, owing to the deformation of the circular ring, the intensity of these pres¬ 
sures will undergo a change and as a consequence of the horizontal elongation 
the lateral pressure will be raised by a mobilized p max value, whereas the vertical 
pressures will be decreased by the same value. (This latter assumption is highly 
debatable.) Thus, the following formulae are derived: 

For the horizontal displacement: 


A = 


y^r' 


l2E h J 


1 - A„- 


2 P„ 


yz A ) 


cos 2a ; 


or the bending moment at any section: 


M=- 


7 z a r 


1 - A. - 


V Z A 


- cos 2a, 


and for the additional pressure: 

Anax ~ 


V*a (1 " A„) 


2 + 


4 E b J 1 + p 
r 3 


where y = the dry soil-density 
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z A — depth of tunnel axis below ground-surface 
A„ = the coefficient of earth pressure at rest (s 0-5) 

E b = the modulus of elasticity of the tunnel lining 
E, — modulus of elasticity of the soil 
r = the radius of circular section 
H = Poisson’s ratio of the soil 

a = the angle between the radius of the section and the vertical. 

A stricter solution has been given on the basis of elasticity theory by Orlov. 4 ' a 
Instead of the displacement obtained by Winkler’s theory of elastic subgrades, 
he determined the radial and tangential displacements of an annular ring lying 
in an infinite elastic body. An intermittent pressure distribution was given 
by him in the form of a Fourier series. While maintaining his concept a solution 
in rigorous mathematical form was derived by L. R6zsa and G. KovAcs with 
the additional consideration of the favourable effect of tangential frictional forces 
brought about by the perimeter displacement. The somewhat elaborate method is 
more of theoretical than of practical importance. 4 7b 


Summary 

In the foregoing several methods have been put forward concerning the use 
of which the following can be said: 

First, one has to distinguish between flexible and rigid linings as well as between 

EJ 

soft and stiff soils. Where the value of m = is greater than unity the effect 

Cr 

of lateral support need not be taken into account and the ring can be analysed as 
a freely standing structure acted upon only by the different loads as discussed 
under Section 43.22. (In very soft, saturated soils the distribution of the loads 
around the ring will be close to hydrostatic.) 

For m values less than unity the lateral support should be taken into consider¬ 
ation. If great accuracy is not required, the structure can be analysed either as 
a fixed circular arch with an internal angle of 120° or alternatively it could be 
designed by one of the methods suggested by Davidov or L. Varga. 

Liner plate or cast-iron segment tunnels, however, can be regarded as very 
flexible structures, made up of links and connected to each other with hinges 
and therefore should be analysed either by the Hewett-Johannesson method or 


4 - 7a Olov, N.: Rastshet konstrukciy lezhashtshih na konture krugovovo vireza f ploskosti. 
(Computation of plane structures lying along the perimeter of a circular cut) Tssled. 
po teorii soorusheniy Vip VI, Moscow 1954. 

4 - ,1> U6zsa, L. and KovAcs, G.: Stresses and Deformatins due to Tangential Forces 
along a Circular Cut, Acta Techn. Hung. 41, 3—4 
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by the more accurate polygon method. (This latter was used in the design of the 
Moscow Subway.) 

Monolithical sections can be designed with sufficient accuracy by Bougayeva’s 
method, or where still greater accuracy is required one should refer to the Bodrov- 
Gorelik or to Orlov's method. 

As both the polygonal and the Bodrov-Gorelik and Orlov methods are very 
lengthy and cumbersome, their use is justified only in the design of a long tunnel 
with a uniform cross-section and when the soil can be regarded as homogeneous 
along the full length of the tunnel. Under those circumstances even a small reduc¬ 
tion in the wall thicknesses or segment dimensions could result in substantial 
savings. 


4.34. DESIGN OF TUNNELS WITH DOUBLE LINING 

lunnel linings are often divided into separate rings by the interring water¬ 
proofing. If a resistant waterproofing is used, it might be beneficial to make use 
of the strength of the waterproofing in the design whenever possible (see also 
Sections 4.622 and 46.26). In the case of pressure tunnels and underground gas- 
storage tanks subject to inside pressures a certain percentage of the load will be 
carried by a natural second layer developed in the surrounding ground. Because 
most tunnels with double linings are circular, this discussion will be limited to 
circular ring sections. 

The following design methods are based on the theory of elasticity and on 
a number of assumptions, such as elastic ground, elastic pipe and uniformly 
distributed radial pressures (this last is true in most practical cases) 4 8 


43.41. Soviet Specifications (Based on Galerkin's Theory)™ 

Aqueducts constructed in solid ground are usually lined with concrete or only 
plastered with shotcrete. The radial strain in an elastic, isotropic circular ring 
embedded in a homogeneous medium and subject to an inside pressure p is 

U = ~( \ + p k ) 

which can be rewritten as 



LK x J u ant ! Me ^ cl >. J ' : Hydrotechnicke Stolne (Hydrotechnical tunnels) Slovenske 
Vydatelstvo Techn. Lit., Bratislava, 1960 272 

' 9 Gat erkin, B. G : Napryazhcnnoie sostoianie cilindritseskoi trubi uprugoi srede 
(Stress conditions in cylindrical tubes embedded in an elastic medium), Sbornik LIIPSZ 100 
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where 


1 

1 + Pk 


is called the coefficient of elastic ground resistance in the Soviet Specifications. 
For a ring with a radius of 1 m the value of k becomes k 0 , i.e. 

* ** 1 
° 1 1+H k ‘ 

Note that k 0 depends only on the elastic characteristics of the ground. 

Monolithic concrete linings embedded in solid ground and subject to a uniform 
radial pressure p shall have a minimum thickness of 


v = r b *_l 

°Wi — P 


(4.131a) 


where r b is the radius to the inside face of the concrete lining, a bh is the allowable 
tension in concrete and 

A _ 00lE b — (1 — p b )k 0 
O'Ol E b + (1 + p b ) k 0 

where E b = the modulus of elasticity of the concrete 
p b = the Poisson ratio of the concrete. 

(Negative v values indicate that the full strength of the concrete section cannot 
be utilized and the thickness is governed by other structural considerations 
(waterproofing); the thickness should be not less than 6-8 in.) 

The tangential stresses in the concrete are: 
on the inside face 


<?b = P 


Tk 

|2 

+ A 

__n,j 


r k 

2 

- A 

r b . 



(4.131b) 


on the outside face 


<r k =p- 


±\-A 


(4.131c) 


If there is a reinforced shotcrete lining (v, thick; inside the concrete lining 
(Fig. 4/96a) there are 3 cases to be distinguished according to the Soviet Speci¬ 
fications : 


ko 0 - 01 E, 

P a, 


1. If 
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Fig. 4/96. Circular double ring section (shotcrete + concrete) (a) subject to interior pressures; 

(6) laminated tunnel lining 


where E, — the modulus of elasticity of the shotcrete 

a, = the allowable tensile hoop stress in the shotcrete 
v, v, (concrete thicknesses) and /„ (area of reinforcing steel) can be kept 
at a structurally sound minimum because the allowable stresses 
cannot be utilized completely. 


2. If 


001 E, fco 001 E„ 

<*t P <r„ 


then v and f„ are governed once again by practical considerations and the thickness 
of the shotcrete is 


v, 


0-92 r, 


001 E, 


and should be between 5 and 10 cm. 


3 If ^-> Ey 

P Ov 

then the thickness of the concrete lining can be taken at the practical minimum 
and the thickness of the shotcrete ring is 


v, = 0'92r f (—-' 

* K 0-02 E, 

and the area of reinforcement required is 

1 100 p k 0 


fv = r, 


00001 E,. 


(4.132) 


(4.133) 
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43.42. Design with Steel Plate Lining (Design after Muhlhofer) 


Both steel lining and concrete ring, with thicknesses of <5 and v, respectively, 
may be designed on the basis of equal radial deformations with reference to the 
interface. A similar relationship can be established between the concrete ring and 
the surrounding ground. The problem of a steel plate lining and a concrete ring 
embedded in an elastic medium has been solved by Muhlhofer 4-10 for a variety 
of strengths of the component layers ("concrete, reinforced concrete, shotcrete and 
steel plate). The effect of cracks in the concrete, which prevent it from working 
in tension, has been also investigated. 

Assuming an uncracked concrete section, the hoop stresses in the steel lining 
are (Fig. 4/97a) 


<7,, = 


V + 1 8 F 


(4.134) 


where 



8 

f‘2 


_ Q ~ 2 

L c*i-i)4+ i 


™ b + n 

m b ]’ 



m ‘- 1 and k , 


r 3 

>2 


and the radial compressive stresses are: 
at the interior face a rc = —p, 
at the exterior face 



In addition to the notations used in Fig. 4/97, 

5 = the thickness of the steel plate 

E v and E b = the moduli of elasticity for steel and concrete, respectively 
m b = the Poisson ratio of the concrete 
C = the coefficient of elastic subgrade reaction. 

The hoop stresses in the concrete at the face in contact with steel are 


1 

G,b ~ V + 1 


j (*I + D-f— 1 
kl (kl- l)-f-+l 


(4.135) 


4-10 Muhlhofer, L.: Ober die Inanspruchnahme von Druckstollenauskleidungcn, Batt¬ 
ing enieur 1923 8 
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and at the face in contact with earth 


where 


°,b = 


1 1 
V+ 1 Ar x 


Q- 1 

d4 + i ; 



and the radial stresses are 


= - 


_1_ 1_ 

V+l k/ 


and cr r ' b = - 


1 

kTi 


_i _i__ 

kl 04 !- ! > 4 + 1 


/>• 


Finally the compressive stresses in the surrounding ground are 


ff vk 


1 

K+ 1 


J 1 

^ 1 


p ; 


<7,* = o. 



Fig. 4/97. Stresses in the steel plate lining 


Assuming a cracked concrete section 
the hoop stresses will have to be carried 
entirely by the steel lining: 

W v, 

er "’ = 'ivTTT p (4I36 > 


and the radial stress is a rts = -p where 


These hoop stresses will be many times 
higher than those shared with the con¬ 
crete through composite action. 

If a certain amount of tension (hoop 
stresses) is permissible in the surrounding 
rock, this will also make quite a differ¬ 
ence. Prestressing the concrete lining by 
pressure grouting will also have remark¬ 
able effects. In the latter case the hoop 
stress in the steel lining is 


<*t»=P - r, 


(4.137) 
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where e( %) = the portion of the stresses carried by the concrete and the rock 
/(%) = the external pressure due to prestressing by pressure grouting 
expressed as a percentage of the inside pressure p. 


e can be calculated after Knapp: 4,11 


°tv 

1 


■ r A ta lL + A 

In — 4 i 

m k +l 

£* r . E k 

L r t 1 

m 


where R — the radius measured to the borderline between sound and cracked 
rock 

m k = the Poisson number of the rock (usually about 6). 

R may be calculated from the following expression by trial and error 

J R=(A + e) — 

a t 


where tr, = the tensile strength of rock. 

At first it seems to be hard to believe that the surrounding rock could take any 
tension worth considering. Because of the substantial prestressing, however, 
it becomes obvious that, as a result of geostatic pressures, tensile stresses not 
exceeding such prestressing could be carried even by materials having no tensile 
strength at all. It has been demonstrated by measuring stresses on actual projects 
that most of the hoop stresses were carried by the rock and that tension in the 
steel lining remained low even if thin plates were used. Larger diameters and 
higher pressures will, of course, increase the stresses in the steel lining as well. 

For the steel lining an empty duct subject to external hydrostatic pressure 
represents a more critical condition. In a buckled section, like that illustrated 
in Fig. 4/97b, even the yield stresses can be reached at point A ; for a given spacing 
of anchor ties the critical external hydrostatic pressure can be calculated from the 
formula given by Dubas: 412 


Pkv = 0/ 


d 2 

2 a - r 2 


(4.138) 


from which expression (cf. Fig. 4/97b) 


a = 



*•“ Proc. Inst. Civ. Eng. July 1955*549 

1512 Jaeger, C.: Present Trend in the Design of Pressure Tunnels and Shafts, Proc. Inst. 
Civ. Eng. March 1955 

I? 


27 Szechy: The Art of Tunnelling 
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where oy = the yield stress of the steel 
r = the radius of lining 
<5 = the plate thickness. 413 


43.43. Design of Tunnels with Laminated Linings 

Consider a circular tunnel section composed of rings of different materials and 
different thicknesses. Assuming that each ring is uncracked and is supported by 
the adjacent one, the stress components for a ring denoted by i and with a radius 
r are given as 
(a) radial stress 


Pi-i r?_j - Pi r 2 1 A-i - Pi 4 _ x rf 


f2 r 2_ r 2 • 

' ~l 'i -1 


(4.139) 


(b) hoop stress 


Pi-1 4-1 ~ Pi 4 Pi-i-Pi 4-i ri 

.2 _ .2 + 2 ,2 _ ,2 

r i 'I -1 ' 'i r i 


(4.140) 


(c) longitudinal stress 


a, = 2/i,- 


Pi-i 4-i — Pi 4 


(4.141) 


At the same time the unknown pressures between the rings, p h can be deter¬ 
mined from deformation considerations of the contact surfaces. Narrow, uniform 
gaps between the rings (a i _ 1 , a f , a i+1 ) - due to shrinkage or waterproofing - 
can also be taken into account. For a lining consisting of three layers, such as 
those illustrated in Fig. 4/96b, the equations to be solved are (i — 1 = 1 , i = 2, 
/ + 1 = 3) 

1 r 

~V 2 Z 2 [0 - Pi- pi) (Po 'o - Pi r\) + (1 + /!,) ( Po - Pi) ro] = «i + 

l, r x — r 0 


1 /i 
&2 


[d - Pi ~ Pi) (Pi r\ - Pi ri) F (1 + p 2 ) (pj - p 2 ) r|] ; (4.142 J 


lr- i' 1 2 [(! -Pi- 2/4) (Pi r\ - P 2 4) + (1 + p 2 ) (Pi ~ P 2 ) ''fl = a 2 + 
r 2 — r l 

+ ~ -J 2 2 K 1 - ^3 2/4) (P 2 4 ~ P 2 4) + (1 + Pa) (P 2 ~ Pa) 4l l (4.143) 

£3 r a ~ r 2 


4 - 13 Amstutz. A.: Das Einbeulen von Schacht- und Stollengrenzungen, Schw. Bauzeitung 
1960 9 
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ir — ~ 2 ~ [(1 ~ Ps - 2/4) (Pzrl-Pzr'i) + Cl 4- ft) (ft - ft) r\] = ft + 

C 3 r 3 ~ r 2 

+ > -- ,2^ - 2 K 1 ~ Pk - 2 Pk) ( Ps r l - Pk r l) + (1 + Pk) Os ~Pk) ft] , 

^k r k ~ r 3 


(4.144) 


In the last equation p k may be taken as the initial stress (geostatic pressure) or 
as the tensile strength of the rock and r k may be, taken as three times the radius 
of the excavated section. Because ft and E k are known (physical properties of 
the rock material) p x and p 2 can be determined from Eqs 4.142 to 4.144 and then 
the stresses can be computed for each ring from Eqs 4.139 to 4.141. Experience 
has shown that the gaps (marked a ). average around 0-0015—0-0040 times the 
diameter. 

Hoop stresses in a single concrete ring completely supported by rock can be 
calculated approximately as 

Pa r i + r a 1 _ 

' 2 r, — r 0 , E k r, + r 0 

1+ ^T<^r <4 ' 145) 

Stress measurements carried out in connection with a pressure test on an under¬ 
ground gas-storage tank as shown in Fig. 4/98 are used to demonstrate the effect 

Hoop stresses 
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Fig. 4/98. Hoop stresses in an 
underground gas tank 
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of gaps on the stresses, particularly on those of the innermost ring. 413 As long 
as the deformations were smaller than would be required to fill the gaps of inac¬ 
curate construction, the hoop stresses in the steel lining corresponded exactly 
with those of an unsupported cylinder (section a). Once the deformations reached 
this stage, however, the increases in the stresses gradually slowed down in pro¬ 
portion to the support afforded by the surrounding rock. It is interesting to note 
that the maximum stresses occur at the crown, i.e. at the place most difficult to 
be grouted, and that the minimum stresses occur at the springing, obviously 
because the modulus of elasticity of the rock is lower horizontally than vertically. 
It can be concluded, then, that the distribution of stresses is not uniform through¬ 
out the ring section even under uniformly distributed inside radial pressures 
(cf. Fig. 3/71). 

Cracking in the ring lining will also change the stress pattern. The uficracked 
exterior rings will be subject to increases in loads as well as to greater inside pres¬ 
sures (see Talobre p. 261). The effect of the composite action of surrounding 
fissured rock has been investigated by Kovacshazy. 4-14 


43.44. Design of Laminated Linings for Non-radial (External) Loads 

Non-uniform radial and other loads will result in much more complex stress 
patterns which are difficult to analyze because of the combination of membrane 
action and bending moments. 415 

Generally speaking, external loads are not uniformly distributed and thus are 
bound to develop bending moments. It is customary to design the ring that is 
constructed first (usually the exterior one) to carry a certain part of the load by 
itself and then to consider the support afforded by the first ring in the design of 
the subsequent one, as discussed in Section 43.31, also assuming a certain gap. 
With a double lining the loads could also be distributed directly between the two 
rings, at least approximately. The hoop forces may be distributed in proportion 
to the cross-section areas and the bending moments could be distributed in pro¬ 
portion to the rigidities; the resulting loads will cause compatible deformations. 

As an example, the author considered a circular tunnel section with double 
lining, subject to uniformly distributed loads, p, at top and bottom. Each ring is 
assumed to carry a certain part of the total load and these will also be assumed 
to be distributed uniformly and denoted by p 1 and p 2 , respectively. The radii 
(measured to the centre of each ring), thicknesses, moduli of elasticity and moments 


413 Kovacshazy, F.: Kozetbe telepitett gaztartok (Gas reservoirs embedded in rock), 
Ep. es Kozl. Tud. Kozl. 1960 IV 4 

4-14 Kovacshazy, F.: Berechnung von in Gestein gebetteten Druckrohren und Behaltern, 
Acta Technica 1957 XVIII 3-4 

415 Chu-Kia-Wang: Theoretical Analysis of Perforated Shear Webs, Journ. of Appl. Mech. 
1946 A 77—84 
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of inertia, will be denoted accordingly bv r, r n « F f on a r r 
tivelv (Fia aiqq\ c ^ y 11 2 » °i» v *> L i> E z and J lt J 2 , respec¬ 

tively (Fig. 4/99). From the above assumptions it follows that 

Pi+Pi=P- (4.146) 

at The ends ^ “ SUCh 2 manner 25 to cause ec l ual deformations 

meter Not ^ h ° nZOntal diameter a * well as at the ends of the vertical dia- 

dj = d 2 = A = - Pir * = - P2r * ■ 

\2EJ 1 12EJ Z ’ 

and if both rings are of the same material 


Pl = P* ~ZT ~T~ — P2 
'1 **2 


if a =4A 

ri Jo 


substituting into the equation of equilibrium 


p 2 + <xpo = p. 


With the loads determined the moments are 


(4.147) 


M. - r-i 

4 4(1+a) nd Mi = 

and the stresses due to the eccentric loads are; 
for the inner ring 


_ P/i _ 

4 (1 + a) 


7 , = — l + He _ p i r i + M i 6 _ mi 
1 F~K. x - “7, , , ± 


outer ring 


+ _pgfi 2 6 _ 

4 (I + « ^ ~ (1 + a) v t 


(1 + a) v x 

3 r i). 


2vJ’ 


( 1 +*)®2 4(1 + a)rf (1 + a) v 2 


(4.148) 


For an initial gap a between the two rings (due to waterproofing, unfilled voids 
inaccuracy of construction) the equation of deformations becomes 

d 2 = d x + a 

and similarly to the above derivation 


_ _ (/> + ?)« 

Th - '—. —-<7 

1 + a 


(4.149) 
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where 

\ 



12 EJ 



a. 


The bending moments are 

,, _ (p + q)<*r\ qr\ 

1 4(1 + at) 4 


and 


M 2 


(P + q ) rj 
4(1 4- a) 


(4.150) 


and the stresses can be calculated in a similar manner (N x = p x r x and No = p 2 r 2 ). 

Fig. 4/99 indicates the load percentages on the outer ring as a function of the 
radius and the ratio of wall thicknesses. It is noted that the radius has little effect 
where the wall thickness is the basic 0-20 m. On the other hand, a relative increase 
in Vo increases p 2 rather sharply at first and moderately thereafter. There is hardly 


v 2 

any load at all on the inner ring for values of- exceeding .3 


With — < 
Vi 


1 , 


however, the loads carried by the outer ring will gradually disappear. Because 
of the lapse of time that is required for earth pressures to develop, the dia¬ 
gram should also give an indication of the relief to the outer ring that will be 
offered by the inner ring after its completion. 


4.4. DESIGN OF CULVERTS AND CONDUITS 

Somewhat different methods have been developed in the design of culverts 
and conduits although theoretically the methods already described for under¬ 
ground structures would be applicable. The main differences appear as a result 
of the differences in shape and construction of these structure's, from the different 
longitudinal and transverse loads and also from the greater influence of bedding 
conditions. As they are closer to the ground surface, live loads seem to have an 
increased effect. These differences are particularly important in the design of 
culverts, where the large number of failures has resulted in an extensive research 
programme over the last two decades. 

The influence of lateral earth support and the flexibility of the structure on 
stress distribution in tunnels has already been dealt with. In the case of culverts 
and conduits, in addition to these, bedding conditions and the manner in which 
the fill or backfill is placed also play an important role. It has been demonstrated 
by Meyerhof that a thoroughly compacted and appropriately chosen backfill 
may perform a composite action with a flexible steel culvert. The latter acts, 
in fact, merely as a reinforcement for the former. 
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4.41. DESIGN OF CIRCULAR CULVERTS 

44.11. Determination of Vertical Earth Pressure (according to Yaroshenko) 

According to Yaroshenko, 4 - 16 underground conduits should be regarded as 
structures working together with the mass of soil surrounding it, and each element 
of these conduits should be designed in such a way that the forces acting on the 
structure be kept to a minimum. To achieve this, the sections should be flexible, 
the headwalls should be free from the pressures of the embankment, the bedding 
should be flexible rather than rigid and, further, the deformations and separation 
at the joints should remain within tolerable limits. 

Yaroshenko describes the interaction of the culvert and the embankment in the 
following way: As a result of the earth pressure on the culvert its crown settles 
by an amount of -Ah due partly to the flexural deflection of the section and 
partly to the compression of the supporting soil. Consequently the earth column 

3) 0) 



Fig. 4/100. Forces acting on 
a culvert 


above the culvert attempts to settle to an equal degree. However, the movement 
of the earth column is opposed by the frictional forces created between the sta¬ 
tionary and moving earth masses. Thus, part of the weight of the earth column 
above the culvert will be transmitted to the adjacent soil, and the pressure on 
the culvert will be less than the value of the geostatic pressure of yH. On the 
other hand, it is also possible that the movement of the culvert is less than the 
settlement of the adjacent soil, resulting in a relative upward movement + d/; 
of the culvert. In this case exactly the opposite will occur (Fig. 4/100b). Owing 
to the downward movement of the adjacent soil mass additional loads will be 
transmitted by friction to the earth column above the structure, and the resulting 
pressure will be higher than the geostatic one. 

4-16 Yaroshenko, V. A., Andreev, O. V. and Prokopova, A. G.: Vodopropuskie trubi pod 
zheteznodorozhnimi nasupiami (Culverts for discharge of water under railway embankments). 
Tranzheldorizdat, Moscow 1952. 
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The frictional forces would only be distributed along the full height H above 
the culvert, if the earth column above the culvert were incompressible. However, 
as it settles itself, frictional forces will develop only along that part of the height 
along which differential movements take place. This height will be equal to the 
height of that earth column which will undergo a total settlement of Ah. If we 
call this height H e , then there will be a zone above C, the depth of which is equal 
to H c within which no relative movement between the soil particles and hence 
no redistribution of the stresses due to friction are occurring. This plane, drawn 
at a depth of H c , is called the plane of equivalent settlement. 

From what has been said above, it is.obvious that if the culverts are rigidly 
constructed (stone, concrete, cast-iron, etc.) or are supported on rigid foundations, 
the settlement of the adjacent soil masses is likely to be larger and consequently 
the earth pressure on the culvert will also increase. On the other hand, with 
flexible structures and bases the earth pressure will be less than the geostatic 
pressure. Experiments conducted in the Soviet Union also indicated that the 


Embankment crown level 



Fig. 4/101. The construction 

of embankments around 
culverts (after Peck) 


pressures will reach their final value in about 4-5 months. As the deflection 
at the crown is dependent on the degree of lateral support, Peck 41, suggests that 
conduits through embankments should be constructed as shown in Fig. 4/101. 

1. First the layer A x is placed, consisting of a uniformly compacted sandy 
gravel, which also serves as a drain. 

2. Next, the conduit is constructed. 

3. Then a thoroughly compacted layer (B) is placed on both sides of the con¬ 
duit, for which purpose a clayey sandy soil is the most suitable. 

4. The material placed on both sides and designated by An should be of the 
same material as the embankment proper and also compacted to the same 
degree. 

5. A loosely compacted layer (C) is placed directly above the crown. 

6. Only after these procedures should the embankment be constructed. 

417 Tschebotarioff, G P.: Soil Mechanics and Foundation Structures. McGraw Hill, 
1951 531 
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Yaroshenko determines the magnitude of the pressure increment or decrement 
on the conduit by the following reasoning: 

First, he assumes that the frictional forces are directly proportional to the active earth 
pressure. Accordingly the frictional force at a depth z is equal to 

yzX a tan <p, 

where X a = the coefficient of active earth pressure 
<t> = the angle of internal friction. 

* o 



Fig. 4/102. Forces acting on 
a rigid culvert 
structure 


With the above assumption, the earth pressure on a rigid conduit can be obtained in the 
following manner (Fig. 4/102): 

(a) if H c = 0 (see Fig. 4/102a) 


G = yHB + 2s, 


S = yHX a tan ij> 


H 

T* 


where 


on introducing the notation 


G = yHB + yH 2 X a tan </>, 

G = vB " \~F + ~W X ‘ tan ^ ’ 


„ _ H ' 


1 + -j Xa tan <f> |, 


(b) if H c > 0 (see Fig. 4/102b) 

G = yHB + 25 , 


G = yB'~ C ,; 


H H 

S = yHX a tan </> ^- yH c X a tan <t> -~- 


(4.151) 


(4.152) 


G = yHB + yH 2 X a tan <f> - yH* c X a tan </>, 
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and if 


“ ^ fj- ff 2 

= v B ~ -g + tan 4 ~ ~]jb tan 0 




C = C/ yS 2 . 


(4.153) 


In the latter case the value of H c has to be determined separately. Its value obtained by 
finding the depth of the soil stratum H t , the settlement of which is a result of the additional 
loads, will equal the differential settlement between the conduit and the embankment measured 
at the crown level. 

Let us denote this differential settlement by Ah. 

The compression of a soil particle at a depth z is as follows (Fig. 4/103A): 


Fig. 4/103A. The calculation 
of the 

plane of equivalent 
settlement 




(4.154) 
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introducing the term 

Ah 3 EB 
yX„ tan <f> ’ 

a = H e H- ; H e = H - H c , 
a = (H — H c ) H- = H 3 - H'H°- 

from where 


To determine the value of H c one has to know the differential settlement Ah between the 
embankment and the culvert at the elevation of the crown. 

Ah can be expressed (see Fig. 4/103A.b) as 

Ah = At' A- At - AD' - AD 

where At' — the settlement of the embankment 

At = the settlement of the soil below the embankment 
AD' = the deflection of the culvert 
AD = the settlement of the soil below the culvert. 


Introducing the value 


s 


Ah 

If 7 ’ 


Ah = sAt', 



where aD = the projection of the culvert above the natural ground. 

<7 = yH , 



Ah = as 


yHD 
E ’ 


(4.155) 


substituting this into the equation for a 

Ah ZED yHB ZED ZBDH 

a = —-= as — - -= as -. 

KV tan <P E'-a y tan <t> h a tan <j> 

In case of circular sections 

3 D 2 H 

a = as-z --. 

tan <j> 


(4.156) 


In this expression only s is unknown, for which the following empirical values are used 
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Rock foundation and rigid structure. s = 1-0 

Rigid structures founded on dense soil. i = 0'7 

Rigid structures founded on elastic soil. 5 = 0-3 

Flexible structure on any type of soil. 5 = 0 


Knowing a the values of H e , H c and C', can now be determined. A graphical solution for the 
values of as as a function of H e /D was worked out by Yaroshenko and is given in Fig. 4/103B 
in this solution tf> was assumed to be equal to 30° (tan <f>X a = 0-192). 



Fig. 4/103B. Graphical solution of the plane of equivalent settlement (after Yaroshenko); 
<!> = 30° and tan <p X a — 0192 


The final expression for 


G = yB * 


H 

~B 


1 — X a tan (j) 


H 

m in 

B ~ 

HB ) 


(4.157) 


To determine the additional loads on culverts, a simplified and approximate 
solution has been worked out by Klein 4 18 


Aq = yt 2 


H e + ( 2 

H + 1 2 H e + t 2 

H+t 2 r 

^2 

^2 ^2 

h 2 


(4.158a) 


where t 2 represents the depth, measured from the crown elevation of the culvert, 
to which the rigidity and thus the compressibility of the soil strata below the 


,8 Cf, Yaroshenko’s work, quoted above. 
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embankment and the culvert is equal and therefore no differential movement 
between the soil masses will take place. The value of H e can be obtained by a 
reduction of the upfill height H from Pokrovszkiy’s equation: 


H e = H 



(4.158b) 


where E, and E a is the modulus of compressibility and y, and y a the unit weight 
of the soil under the embankment and the culvert, respectively. 



Fig. 4/104. Assumptions of 
Pruska 


A somewhat similar assumption was made by Pruska , 4 18a when considering 
the settlement difference in the embankment resp. in the terrain level (AH) after 
backfill as a measure of the additional load acting upon the extrados of the cul¬ 
vert (Fig/4.104). Assuming a constant compression modulus and using the known 
equations of elasticity for stress propagation in the semi infinite continuum he 
concludes that 


P = q + P i = y 


« +T - 


y • n ■ b (//j — H 2 ) 


„ : h b 2 + H 2 

H • arc cotg —- + b ■ In -—- 

b b 2 


(4.159) 


is the total maximum vertical pressure acting upon the extrados of the culvert- 
In this expression the second member p 1 is expressing the additional load — 
the other annotations being indicated in the figure. This expression holds for all 
cases, when the thickness of the upfill is at least four times the height of the cul¬ 
vert (H 2 : 4£>). 

It may be noted, that Guerin has suggested on the basis of practical observa¬ 
tions that the maximum additional load may not exceed 50% of the geostatic 
value. 


1Sa Pruska, M. L.: Pression exercee par un remblai epais sur une conduite rigide. Ann . 
de 1’Inst it ut Technique du Bat. et des Tr. Publ. 1963 mars-avril 
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The additional weight decreases, however, when the culvert is underlain not by 
a rigid but by an also compressible sublayer. Should the additional weight be 
found excessive it may be well reduced, when some - very densely compacted - layer 
is backfilled at both sides, which would practically not perform bigger deforma¬ 
tions, than the culvert itself. 

The loading conditions will be more favourable if the culvert is not founded 
on the surface of the natural soil but is laid in a trench cut into the natural ground. 
There will be no additional loads transferred to the culvert from the weight of 
the embankment, as the compressibility of the natural soil will undoubtedly be 
smaller than that of the embankment. Therefore not only the weight of the 
embankment, but also part of its own weight will be carried by the trench walls. 
In fact, the case will be similar to the loading conditions for sewers and conduits. 
If there would be no friction and/or settlement, the weight of the backfill would 
be fully carried by the conduit. However, owing to the settlement of the backfill, 
frictional forces will develop between the trench walls and the backfill, and part 
of the weight of the backfill will be transferred to the soils adjacent to the 
trench. The loading conditions on conduits can be expressed as follows: 

The equilibrium of a d h thick layer assumes that 



Fig. 4/105. Forces acting on a 
conduit laid in 
a trench 


G + dG + 2X a 


G 

B 


i&n5dh = G + ).Bdh (4.160) 


or that the upward and the downward acting 
forces are equal, to each other (Fig. 4/105). 

By solving this differential equation we obtain. 


G = y B 2 


\ -k H 

1 — e 
2X a tan S 


with 


K = 


2X a tan 5 
B 


Tf tan S = tan</> and p — ■ 


then 


P = 


yB I i g-2A fl tan <f> H 

2X a tan <p I B 


which is similar to Terzaghi’s expression for rock pressure. If now 

| _ £-2A fl tan <f> H 

Cr = —-—-— 

2X a tan <p 


then p = yBC F and 


G = Bp = yB 2 C F . 


(4.161a) 
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The value of C F does not increase beyond the point where the height is equal to. 
or greater than, nine times the width. In three-dimensional analysis the value of 
C F remains practically the same if the ratio of height to depth exceeds 3-0. B is 
always the width of the trench measured at crown elevation and is increasing the 
acting pressure at a progressive rate. 


Table 4/VII. 






Values of C F 


--- 

Item 

No 

H/B 

Ratio of earth 
cover and trench 
width 

! Granular cohe- 
sionless fill (be¬ 
fore compaction 
and consolida¬ 
tion) 

X a f= 01924 

Dry moist 
granular loam 

X a f = 0165 

Wet loam 

X a f= 0150 

Moist clay 

X a f= 0-130 

Wet clay 

X a f= 0100 

i 

0-5 

0-455 

0-461 

0-464 

0-469 

0-474 

2 

10 

0-830 

0-852 

0-864 

0-861 

0-898 

3 

1-5 

1140 

1183 

1-208 

1-242 

1-278 

4 

20 

1-395 

1-464 

1-504 

1-560 

1-618 

5 

2-5 

1-606 

1-702 

1-764 

1-838 

1-923 

6 

3-0 

1-780 

1-904 

1-978 

2083 

2196 

7 

3-5 

1-923 

2-075 

2167 

2-298 

2-441 

8 

4-0 

2041 

2-221 

2-329 

2-487 

2-660 

9 

4-5 

2-136 

2-344 

2-469 

2-650 

2-856 

10 

5 0 

2-219 

2-448 

2-590 

2-798 

3 032 

11 

5-5 

2-286 

2-537 

2-693 

2 926 

3190 

12 

60 

2-340 

2-612 

2-782 

3 038 

3-331 

13 

6-5 

2-386 

2-675 

2-859 

3-137 

3-458 

14 

7-0 

2-423 

2-729 

2-925 

3-223 

3-571 

15 

7-5 

2-454 

2-775 

2-982 

3-299 

3-673 

16 

80 

2-479 

2-814 

3-031 

3-366 

3-764 

17 

8-5 

2-500 

2-847 

3-073 

3-424 

3-845 

18 

90 

2-518 

2-875 

3-109 

3-476 

3-918 

19 

9-5 | 

2-532 

2-898 

3-141 

3-521 

3-983 

20 1 

100 

2-543 

2-918 

3-167 

3-560 

4-042 

21 

11-0 

2-561 

2-950 

3-210 

3-626 

4141 

22 

120 

2-573 

2-972 

3-242 

3-676 

4-221 

23 

130 

2-581 

2-989 

3-266 

3-715 

4-285 

24 

14-0 

2-587 

3 000 

3-283 

3-745 

4-336 

25 

15 0 

2-591 

3-009 

3-296 

3-768 

4-378 

26 

above 

2-599 

3-030 

1 

3-333 

3-846 

4-545 


" u " 2 ( 45 ° — 0/2), where is the angle of internal friction,/ •= tan $ is the coefficient of friction. 
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A simiral expression was derived by Voellmy which sounds 

H 

— 2A fl tan^ —- 

B 2 - B 2 , B 2 -y 1-e * 

p = y ■ -— cot (b H- 

* 7 8r v 4 r A a -tan $ 


(4.161b) 


H' = H - A _ A cot ^ «*b 


44.12. Determination of Traffic Loads 

The loads on the conduits from the traffic on the surface or from uniformly 
distributed surcharge loads can be determined in the following manner: 

For a uniformly distributed load according to Terzaghi (see Section 32.314): 


G = e 

and for concentrated loads: 
where A: is a dynamic factor. 


— 2A fl tan 0 — 
B 


qB - C„qB 


G = c;pk 


(4.162) 


Table 4/VIII 


dent on II. If II — 0 then 



Values of C p 


k = 1-5, and if H/B > 1-5 A: = 

= 1-0. C' p is obtained from 

B 

Sand, gravel and 
wet loam 

Clay 

Wet clay 

Boussinesq’s equation and can 





also be obtained from Table 

00 

100 

100 

100 

4/VII1. 

05 

0-77 

0-79 

081 

The following expression is 

10 

0-59 

063 

0-66 

given by the Soviet building 
code to determine the pres- 

1-5 

0-46 

0-61 

0-54 

sure from a concentrated sur- 

20 

0-35 

040 

0-44 

face load on a conduit con- 

2-5 

0-27 

0-32 

0-35 t 

structed in an embankment : 

3-0 

0-25 

0-25 

0-29 

K 

a~ = *- 

40 

0-12 

0T6 

019 

™ 0‘5 H + 1 *25 

50 

007 

0T0 

0T3 

where K = the concentrated 

60 

0-04 

006 

008 

load (t) 

80 

0-02 

003 

004 

H = the depth of 
cover (m). 

100 

001 

o-oi 

002 


List! voellmy: Eingebettete Rohre. Mitt. Inst. Baustatik ETH Zurich No 9. 1937 

28 Szechy: The Art of Tunnelling 
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44.13. Effect of the Bedding 

The Soviet experiments mentioned above indicated that the radial and tangen¬ 
tial forces acting on the conduit depend on the flexibility of the conduit, the 
physical properties of the soil and, to a large extent, on the method and degree 
of compaction of the fill. If, for instance, the pipe is laid directly on the ground 
without shaping the ground to the form of the underside of the pipe, the pressure 
distribution on the pipe will be non-uniform and also unfavourable. With circular 
sections, for example, at the zone of contact between the conduit and the founda¬ 
tion material the radial forces will be zero and the forces in the vertical axis will 
be significantly increased. Whereas the stress distribution for conduits with cradles 
will be similar to the case of strip footings, i.e. the maximum values will be observed 
under the edges. 

The carrying capacity of a pipe increases with the width over which the 
base pressures are distributed and also the more uniform these pressures are. 
The MSZ 15300 (Hungarian Building Code) shows in its Appendix how the carry¬ 
ing capacity of a circular or egg-shaped pipe section increases under variable 
bedding conditions compared with its knife-edge bearing test strength (e.g. for 
1S0° embedment it could increase to 2-5 times of its lowest value). 

e 

The ratio of the horizontal and vertical pressures X = — ranges between 0-2 

4 

and 0-5 depending on the method of construction, the properties of the soil and 
the degree of compaction of the backfill, and X could be as high as 1-0 for flexible 
pipes. However, this will only be reached in the final stage, after all vertical and 
horizontal deformations have already taken place. Therefore for flexible pipes, 
it is not the final loading condition which is the most critical but the one imme¬ 
diately after construction, which eventually leads to the vertical deflection of the 
pipe, an increase in its horizontal diameter and to an increase in horizontal 
pressure. 

According to Yaroshenko, the horizontal earth resistance increases linearly with 
the increasing size of the horizontal pipe diameter (Fig. 4/106a): 

e=X a q+CA d„ (4.163) 

where C, the coefficient of subgrade reaction, is a function of the soil type. 
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The change in the diameter size is 


dd =0T8 


' 4 g(l -X) 

EJ 


by substitution 


qr 


e = ^g +CO-18 (1 -X), 

EJ 


and since X = — 
g 


4 H--TTT 018/* 4 
EJ 

I + ^ 018 ,* 


(4.164) 


The resulting pressure distribution is shown in Fig. 4/106a, and values for C 
and X a are given on page 438. As for the pressure distribution around tunnels 
Harosy 4 - 19 suggests the loading scheme shown in Fig. 4/106b which, according 
to him, results in moments similar to those caused by the partial distribution of 
the vertical pressure. Taking into consideration the void d 0 left between the lining 
and the soil after construction he arrives at the following equation: 


Xq = 


Y+q~ ca °' 


Q 

i"+Q 


where 


Q = 


EJ 

0 068 r 4 C 


where C is the coefficient of subgrade reaction. 

For rigid pipes it is suggested that either Rankine’s horizontal 

coefficient X a or the relationship defined by Poisson’s ratio —-— 

1-M 

neglecting the deformation of the pipe. 


earth pressure 
= X be used, 


44.14. Cross-sectional Design of Culvert Sections 

4(£ 2 

If we accept that the value of q around the tube varies as follows: q 0 = q (1 — X) 

TC 

then for both the flexible and rigid sections the following equations can be written. 
For the moment and axial compression at the crown: 

M„i 2 = — 0'144r 2 <7 (1 — X), 


*' 19 Harosy. T.: Betonalagutak tervezese (Design of concrete tunnels), MTA Oszt. kozte- 
menyek 1958 XXIII 


28 * 
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and 


Kn = rq 


-^-4 


The elongation of the horizontal diameter 


A d„ = - A d,= 0T8- 


r*q( 1 - /) 


£7 


from which the approximate value of the bending stresses on the basis of the 
equation Mn/2 = 0-15/- ? ^(l - A), would be 


°h 


015 (1 - A) 

~~K 


(4.165) 


(where K denoting the section modulus) to which the compressive stresses from the 
axial load must be added. 


cr 


n 


N 

F 


rq 


8 

1- — (1 — A) 


(4.166) 


From the paper by Harosy already mentioned and according to the approximately 
equivalent pressure distribution diagram shown in Fig. 4/106b the stresses in any 
section to the left of the point of discontinuity r\, we obtain 


M,= 


20o 

71 


+ COS0 o COS0 


q(l - A) r 2 . 


N f — (1 — cos 00 cos 0) q{ 1 - A) /• + A qr, 


Tj = cos 0o sin cp q( 1 — A) r, 
and to the right of the point of discontinuity 


A/ n = 


20o 

n 


sin0 o sin0 


9 (1 - A) r 2 , 


An = sin 0 n sin 0 ^ (1 - A) r + Xqr, 
T n = sin 0 O cos (pq (1 — A) r. 
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The above statements and practical experiments led to the construction of 
hinged culverts in the Soviet Union. Hinges were provided on the sections at 
four points, i.e. at the crown, the invert and the springings, by reducing the cross- 
sectional area at these locations. Experiments have shown that the deformation 
of the hinged sections took place more rapidly than that of continuous rigid 
sections. This was true only to a certain point beyond which a further increase 
of the load led to a cessation of the deformation of the hinged sections, while 
rigid sections showed a continuous deformation, so that the ultimate load on 
the flexible sections was twice as large as that on the rigid sections of the same 
dimensions and cross-section. The reason for this was that from the very beginning 
the lateral support for the hinged sections was larger than that for the rigid ones 
and the value of A increased from the initial value of 0T8 to almost unity. On the 
other hand, the value of X was nearly equal to 0 for rigid sections, and increased 
only later when as a result of the overstressing, plastic hinges developed at the 
crown, the invert and the springings. 

From this it follows that whenever the deflection of rigid sections is small 
(or before plastic hinges can develop) the passive earth resistance is small, and 
the tube does not obtain sufficient lateral support to counteract deformation due 
to vertical loads, resulting in considerable bending moments, whereas in the 
hinged tubes plastic hinges are present and acting from the very beginning, and 
secure adequate lateral support and reduce the moments in the section. When de¬ 
signing hinged sections, not only the stresses but also the deflections of the struc¬ 
ture have to be checked. The limiting load against buckling was given by Levi as: 

3 £J 

4cr = -pr-. (4.167) 


At the hinges the stresses in the reinforcement should be at the yield point 
and the concrete section should be so proportioned that it can safely carry the 
axial loads. The design could be carried out by the following steps: 

(1) At the location of the plastic hinges, the cross-sectional area should be 
large enough to transfer the normal forces and, in addition, the section modulus 
should be able to provide a safety factor of 1-5 against bending stresses, i.e. 
L5 A/ lrans < K h f s where f s is the anticipated yield stress of steel. 

(2) One should investigate whether the reinforcement is sufficient to withstand 
the moments which could be created in the hinges: 

Mim = K-kfs • 


(3) The amount of the deformation should be checked by the equation Ad— 
_ f or yyjjjch values of A a and C are tabulated below and A is 

taken equal to its maximum value, 0-9. 
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Soil type 

'■a 

C (kg/cm 3 ) 

Sand, sandy clay 

compact 

dense 

0-35 

0-25 

2-5 

5-8 

Clayey sand 

plastic 

0-70 

2-5 


stiff 

0-50 

5-8 

Clay 

plastic 

0-75 

2-5 


hard 

0-70 

5-8 


The deformation, as a result of the plastic hinge, will be: 


Adr = 


E h J h 


1 2 — lim 1 


E J 

^ re J re 


where a 
Ere 
Jre 
EhJh 


= the length of the hinge in cm 

= the reduced modulus of elasticity of the cross-section 
= the moment of inertia of the cross-section 
= the longitudinal rigidity of the pipe section at the plane of the 
hinges. 


This deformation should not exceed 1/100 of the tube diameter. 


44.15. Longitudinal Design of Culverts 

Culverts are structures which are likely to undergo differential settlements as 
a result of the variable loads acting on the structure and of the non-uniformity 
from stress superposition brought about in the underlying strata. 

To avoid the development of fissures and fractures, it is customary to construct 
long culverts from separate and short units, either precast or cast in place. The 
functional purpose of the culvert is then secured by providing strong and water¬ 
tight joints. As a result of the differential settlements the culvert tries to take the 
shape of a trough, thereby causing compressive stresses at the top and tension 
at the bottom. 

Following Tschebotarioff’s suggestions 4 20 and assuming (Fig. 4/107) that the 
radius of curvature of the longitudinal axis is R the resulting moment according 
to Navier’s hypothesis is 


10 Cf. Tschebotarioff, G. P.: Soil Mechanics and Earth Structures, McGraw Hill, 1951 531 
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and 


Mm Em 
a = 2 J = ~2R ' 


and if R =-where A is the maximum 

8 A 

Em A 

deflection at the centre, then a = ——— . 

L 2 

Assuming that the effective inner lever arm 
is equal to 2/3 of the diameter (m) 

EJ 2 „ 

M = --7r=y mH 

from where 

EJ _ 12 EJ A 
Rm L 2 m 



Fig. 4/107. Simplified method for 
the longitudinal design 
of culverts 

(TSCHEBOTARIOff) 


is the tensile force on which the longitudinal 
design of the section should be based. 

Rendulic expresses the longitudinal tensile force as the sliding resistance evoked 
by the weight of the overburden acting as a normal force 


H m „ = \-yh 2 B tan 2 (45° — </>/2), 


where h = the height of the embankment above the tube 
B — the width of the culvert 
y = the unit weight of the backfill 
(p = the angle of inner friction. 

In the Soviet Union the following empirical values are used to determine the 
longitudinal force acting on small diameter culverts: 




Height 

of embankment (m) 


Diameter of tube 
(m) 

3 

5 

| 

10 


15 

20 



H 

tensile force (t) 



100 

u -> 

1-0 


40 


80 

130 

1-25 

0-5 

1-5 


60 


120 

200 

1-50 

0-7 

i 

20 


80 


17-0 

300 


If H is known, the longitudinal reinforcement or the connections between the 
precast uhits can be designed. 
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A simple but accurate method has been worked out by A. Siko 4-21 for the 
longitudinal design of culverts, who considers them as beams on elastic siipports 
The same method could also be applied to conduits. 

From the relationship established by Winkler for elastic foundations v = — , 

C 

and from the strength of materials the degree of curvature y" = — ^ or 

,, EJ dx 2 ~ 

M d 2 y 

EJ fr0m where M = ~ EJ ~dx 2 ~- Instead of solving the more complicat¬ 
ed differential equation, one could use the approximate method of Gold and 
Levine (see Fig. 4/108b). 


i s ' !\! t 




A* r i, zU Ax . , j Ax i . Ax , Ax . Ax 







yf 

P. ■/* 

/ 4 

\ M 

n 




Fig. 4/108. Longitudinal 

design of culverts 
(Siko) 


The first change ratios 


dx Xj Ax Ax Xj+I Ax 

from where the second change ratios 

Ay Ay 

y — ^ x -v+i Ax x . ^ y i+l - 2'.y t 4- y ,_j 
Ax Xj Ax Ax 2 ' 

.• J , 2 ' S 'f, 6 ’ A l : °-r ak r laU m6dszer rugalmas alatamasztasi csovek stb. meretezesere (Prac- 
3-4 203 f ° r thE d ' mens,0nin8 of elastical| y supported tubes, etc.), VtzUgyi Kozl. 1958 
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Substituting these values into the equation for M 


M = 


EJ A 2 p 
C Ax 2 


EJ 
C Ax 2 


(Pi+i.— 2 Pi + Pi- 1 ) • 


Dividing the total length of the culvert L, into n segments each Ax long, then 

Ax =—. At each dividing perpendicular as well as at the ends of the tube con- 
n 

tact pressures of unknown magnitude will be generated in the soil. However for 
each section one can write: 


M i = (Pi+i - 2p t + ft_,) = Mf , (4,168) 

0 Ax 1 

where Mf is the sum of the moments of the external forces and the unknown 
contact pressures p h about the section i. For equilibrium the moment calculated 
from the difference equation and the moments created by all external forces 
(G, weight of embankment + p, soil pressures) must be equal at each section 
(Fig. 4/108a) 

M i = (Pi+i ~ 2 Pi + Pi- 1 ) = i Ax - 2/3 Ax) - 




-Py-j-W-VAx-lp Ax]- 


— ... — Pi-x Ax 2/3 Ax — 


Pi Ax 2 Ax 
2 3 ‘ 


(4.169) 


A similar equation could be written for any intermediate dividing perpendicular, 
thus yielding n — 1 equations for the solution of n + 1 unknowns. In case of 
symmetry the number of unknowns will be reduced and in case of asymmetry 
the required two equations can be obtained from statics, namely the sum of ver¬ 
tical forces Ip Ax — IG = 0, and the moment of these forces about any con¬ 
venient point is {IpAx) a — IGg = 0. 

Having thus obtained the pressure ordinates p h a catenary polygon with the 
forces G and p can be constructed, and the design moments determined graphi¬ 
cally. 

Alternatively, the values of p i+1 , />,_i can be substituted into the equation 

Mi = - (A+i - 2 Pi + Pi-0 


and the ordinates obtained from there. 

The accuracy of this method can be improved by increasing the number of 
divisions. 
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Table Comparing the Stress for a Circular Conduit Fully, Supported Along its Lower Half 


Item 

1 

Loading c#ndition 

Moment . 

M ™ 0 (crown) 

Normal 

force 

A 

1 | II 

Bedding 

i 

Dead load 

j Mlgr- 

N/gr 

+ 0-3448 
-01667 

+ 0-2725 

0 

2 

Internal water pressure 

M/yj* 

N/yS- 

'+ 0-1724 
-0-5833 

-01363 

-0-5000 

3 

External water pressure 

M/y v r 3 

N/y v r* 

+ 0-2203 
+ 0-5833 

+01363 
+ 1-5000 

4 

Excess water pressure in conduit 

M 

7T 


5 

Uniformly distributed vertical earth 
pressure 

M/y'tr 2 

Njy'rt 

0-2500 

0 

0-2273 

00530 

6 

Horizontal earth pressure, 
trapezoidal distribution 

Mjy'Xjr- 

NjyKr 

(-0-25001 + 0 00417r) 

(r - 0-375r) 

7 

Uniformly distributed horizontal 
earth pressure 

Mjyjrt 

N/yX a rt 

0-25 

1 00 

0-25 

100 


Note: The above formulae for both bedding conditions were also derived by Marquardt, for the case of 
partial embedment. 


4.42. DESIGN OF CIRCULAR CONDUITS 

The difference in the design of underground conduits and the culverts discussed 
above are mainly due to the different loading, bedding and lateral earth pressure 
conditions. 

Regardless of whether the conduit is laid under a river-bed, street or structure, 
the vertical pressure is always assumed to be equal to the geostatic pressure. 
Surface loads do not play a significant role. However, both the external and internal 
hydrostatic pressure must be taken into consideration with their full value. 

The design procedures of conduits are discussed in detail by E. Marquardt 4 - 22 
who constructed a table, based on the theories presented in Section 43.31, in which 
different loading and bedding conditions are compared. The loading and bedding 
conditions on which Table 4/IX is based are shown in Fig. 4/109. The table con- 

4 ” Marquardt, E.: Rohrleitungcn und geschlossene Kanale, Handbuch fur Eisenbetonhao 
W. Ernst, 1933, XII 425-699 


CULVERTS AND CONDUITS 


443 


Section (V = 90 °) [MarQUardt] 


a = 45° (Quarter point) 

X - 90° (Springing) 

a = 135° (Quarter point) 

a = 180° 

(Bottom) 

I 

-— 

II 

I 

11 

I 

II 

I 

11 

Bedding 

1 

Bedding 

Bedding 

Bedding 

+ 00335 
+0-4375 

+ 00100 
+ 0-5554 

-0-3927 
+ 1-5708 

-0-2983 
+ 1-5708 

-00355 
+ 1-1334 

+ 00100 
+ 1-9696 

+ 0-4406 
+ 1-1667 

+ 0-2725 
+ 2 0000 

+ 0-0168 
-0-4277 

+ 00050 
-0-3687 

-01964 

-0-2146 

-01492 

-0-2146 

-00168 

-0-7868 

+ 0-1363 
-0-3687 

+ 0 0050 
-1-4147 

+ 01363 
-0-5000 

-00168 
+ 1-2131 

+ 0 0050 
+ 1-6313 

-01964 

-1-7854 

-0-1492 
+ 1-7854 

+ 00168 
+ 1-5723 

+ 00050 
+ 1-6313 

+ 01724 
+ 1-4167 

+ 01363 
+ 1-5000 


(P„ ~ p k y b r k 1 1/2 - , r>r * -T In — 1 throughout the entire ring 

L r k~ r b r b J 
— Pb r b or + p k r k throughout the entire ring 


o 

-0-0072 

-0-2500 

-0-2197 

o 

00141 

0-2500 

0-1967 

0-500 

0-5375 

1000 

1 00 

0-500 

0-7662 

0 

0-5836 

(0 - 0-295r) 

(0’2500f + 0) 

(0 + 00295 r) 

(-0-2500/ - 
- 0 0417r) 

(0-5/ - 0 0884r) 

0 

(0-5001 + 0-884r) 

(/ + 0-3750/-) 

0 

0-50 

0 

0-50 

0-25 

0 

0-25 

0 

0 

0-50 

o 

0-50 

-0-25 

1-00 

-0-25 

10 



Fig. 4/109. Loading and bedding conditions according to Marquardt 
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tains only those special cases of bedding conditions I and II when the pressures 

71 


are projected over the entire horizontal diameter 


a = • 


. MARQUARDThas also 


worked out the cases for partial distribution of the bottom reaction as well as 
the cases of two and three edge supports; however, these problems are beyond 
the scope of this book. 


4.43. THE SEMI-GRAPHICAL DESIGN OF EGG-SHAPED 
CULVERTS 


In the previous paragraphs we have discussed in detail the most recent theories 
in the design of rigid and flexible circular sections. However, should the section 
be egg-shaped rather than circular, the analytical solution of the problem would 
be too cumbersome, and therefore it is more practical to design the statically 
indeterminate structure by purely graphical or semi-graphical methods. 

The load q should be determined in the 
manner discussed in Section 43.414 and ac¬ 
curately plotted over the section. Next the 
section is divided into elements with lengths 

ds and the elastic weights — 7 ■ are computed. 

The centre of gravity of the elastic weights 
a is determined by drawing a horizontal and 
vertical catenary polygon considering the 
elastic weights as forces. Having established 
the elastic centre, the section is reduced to 
a statically determinate structure by cutting 
it through at the crown. Applying a unit 
moment X x = +1 tm and a unit horizontal 
force X 2 = +11 the unit displacement factors 
a i! and a 22 are determined. To expedite the computation, the As lengths and the v 
distances are scaled from the drawing. 

/\s 

Then a n = I -^j- ltm , and a 01 represents the displacement of the elastic centre 

as a result of the external moments; i.e. taking the sum of the products ~ px 
(Fig. 4/110). EJ 

The quotient -, or the S px Ax : I = X x expressions will give the in¬ 
ternal moment M x as a result of the distributed load p. The displacement factor 



Fig. 4/110. Semi-graphical solution 
of egg-shaped sections 
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o 22 is determined similarly, taken as the sum of the moments of the elastic weights 
As 

- - about the horizontal axis through the elastic centre a. The X 2 = H force is 

EJ 

obtained from the quotient ——. Owing to the symmetry the vertical internal 

a 22 

force X 3 — V equals zero. Thus, when calculating the internal forces one has to 
consider only the moments M = M 0 — X x — X 2 y and the axial forces N = N 0 — 

— X 2 cbs a 

Numerical Example. Given the reinforced concrete sewer pressure main with the 
dimensions and sections shown in Fig. 4/112, it is required to determine the reinforcement 
for a combination of the following loading conditions. 

I. dead weight + vertical earth pressure (Fig. 4112a) 

Ila. lateral earth pressure (Fig. 4/112b) 

lib. the lateral water pressure from the position of the groundwater table at elevation + 
+ 6 0 (Fig. 4/112c) 

III. the internal water pressure at a magnitude of 7 0 t/m s (Fig. 4/112d). 

Owing to the symmetry the calculations are made for one-half of the section only. The 
centre line of the half ring is drawn midway between the contours of the sewer section and is 
divided into 18 4s lengths each measuring 50 cm. The distances of the elastic centres from 
both the axis of symmetry and the horizontal line drawn to the extrados at the crown are 
scaled from the drawing and are tabulated in Fig. 4/111. Similarly the depths (r) of the sections 
are also scaled. 

The calculations, based on the measured dimensions are carried out in tabular form, deter¬ 
mining first the position of a and then the unit displacement factors a u and a 22 . Next, the 
displacement due to the external loads for each loading condition is calculated (a 01 and a 0! ). 
With the aid of these factors the unknown internal reactions X, (M) and X, (H) can be comput¬ 
ed (see Tables 4/Xa-f). In the last table (f) all forces acting on the reduced section have been 
summarized using the equations 


and 


M — M 0 — X t — X 2 y 


N = P sin ot + X 2 cos a . 


The next step is to combine the M and N values for the different loading conditions and 
the required cross-sectional area of the reinforcing is then determined for the worst combi¬ 
nation of these cases. When combining the different cases one has to consider the possibility 
of such a combination as well. As shown in the example, the maximum value of the moment 
is obtained from Case I, and Case III usually gives the maximum axial thrust. The effect of 
lateral earth and water pressures is relatively small. In the preceding calculations the lateral 
passive earth resistance was not taken into account, but the active case can be considered 
by combining Cases I and Ila. 













Table 4/Xa 

Unit Displacement Factors (per unit length: lm) 


Item 

Depth of 
cross-section 
(m) 

J 

J . 

J 

7T = T 

As 

cm 

As 

T 

t 

As 

- t 

t 

y = y 0 — t 

y 8 

As 

- y* 

X 

As . 

1 y * 

T 

i 

040 

000534 

0010 

0-534 

50 

93-7 

004 

3-75 

0-683 

0-467 

1 

43-75 

43-75 

2 

041 

000576 

0010 

0-576 

50 

86-7 

019 

16-49 

0-533 

0-285 

24-72 

68-47 

3 

044 

000715 

0010 

0-715 

50 

69-9 

0-42 

29-38 

0-303 

0092 

6-43 

74-90 

4 

0*49 

000984 

0010 

0-984 

50 

50-8 

0-72 

36-60 

0 003 

000 

000 

74-90 

5 

0-56 

0-01470 

0010 

1-47 

50 

340 

1 05 

35-70 

-0-327 

0107 

3-64 

78-54 

6 

0-66 

002410 

0010 

2 41 

50 

20-75 

1-44 

29-90 

-0-717 

0-515 

10-68 

89-22 

7 

084 

0-04975 

0-010 

4-975 

50 

1005 

1-84 

18-50 

—1117 

1-247 

12-52 

101-74 

8 

110 

01114 

0010 

11-14 

50 

4-49 

2-25 

1012 

-1-527 

2-335 

10-48 

112-22 

9 

1-45 

0-2545 

0010 

25-45 

50 

1-963 

2-71 

5-32 

-1-987 

3-95 

7-76 

119-98 

10 

1-41 

0-2342 

0010 

23-42 

50 

2135 

3-20 

6-83 

-2-477 

612 

13-07 . 

13305 

11 

1-63 

0-3620 

0010 

36-20 

50 

1 -38 

3-70 

5-10 

-2-977 

8-86 

12-22 

145-27 

12 

210 

0-7750 

0010 

77-50 

50 

0-645 

4-17 

2-69 

-3-447 

11-93 

7-70 

152*97 

13 

1-80 

0-4875 

0010 

48-75 

50 

1025 

4-45 

4-56 

-3-727 

1400 

14-37 

167-34 

14 

1-50 

0-2820 

0-010 

28-20 

50 

1-772 

4-53 

802 

-3-807 

14-55 

25-80 

193 14 

15 

1-26 

01675 

0010 

16-75 

50 

2-983 

4-60 

13-72 

-3-877 

1502 

44-78 

237*92 

16 

112 

0-1175 

0010 

11-75 

50 

4-25 

4-65 

19-77 

-3-927 

15-44 

65-60 

303-52 

17 

104 

00941 

0010 

9 41 

50 

5-31 

4-69 

24-90 

-3-967 

15-76 

83-65 

387-17 

18/2 

100 

00833 

0010 

8-33 

25 

300 

4-70 

14-10 

-3-977 

15-82 

| 47-46 

434-63 






2’ = 

394-853 

2 = 

284-45 






The position of point a\ y 0 ==-= 0-723 £ - -*= an ~ 2 x 394'853 — 789*706 X - — Oja - 2 X 434*6^ — 869*26 

394*853 t r 
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Displacement Factors due to External Loading Table 4/Xb 

I Dead load + Earth load Pl = (9-50 - 6-58) l-80 ,/m * + 1-40 x 2-4 ,/n '* = 8 60 t/m 

Pt = (9-50 - 3-88) l-80 t/m> + 2 70 X 2-4 ,,n ” = 16 60 t/m 
Considering the bottom reaction contact pressure to be uniformly distributed. 


Item 


P 

P 

* 

I 

M 0 

1 

As 

T 

. As 
M 0 - 

T 

As 

IM 0 - 

r 

i 

00 

0-495 

8-60 

9-90 

4-58 

0-25 

0-29 

93-7 

27-2 

27-2 

2 

0-455 

1109 

4 - 76 

0-74 

2-25 

86-7 

19 5 

46-7 

3 

0-420 

12-20 

4-89 

116 

616 

69-9 

431-0 

477-0 

4 

0-39 

13-21 

496 

1-57 

12-00 

50-8 

609-3 

1087-3 

5 

0-35 

1413 

4-8 

1-95 

19-31 

340 

6560 

1743-3 

6 

0-30 

14-92 

4-35 

2-26 

26-88 

20-75 

558-0 

2301-3 

7 

0-29 

15-69 

4-44 

2-55 

35-22 

1005 

3540 

2655-3 

8 

0-26 

16-36 

4'16 

2-845 

45 04 

4-49 

202-2 

2857-5 

9 

009 

16-60 

1 -48 

3 03 

51-98 

1-963 

1021 

2959-6 

10 

-001 

-008 

12-60 

—013 

305 

52-74 

2-135 

112-5 

3072-1 

11 

12 

13 

14 

15 

16 

17 

18/2 

12-60 

12-60 

—1-01 

301 

5.1-50 

1-38 

7105 

314315 

-0-26 

12-60 

— 3-28 

2-87 

46-21 

0-645 

29-82 

3172-97 

-0-38 

12-60 

— 6‘05 

2-46 

3203 

102? 

32-84 

3205-81 

-0-49 

12-60 

— 617 

1 99 

18-69 

1-772 

3310 

3238-91 

-0-49 

1200 

— 6*17 

1-49 

7-54 

2-983 

22-50 

3261-41 

-0-495 

12-60 

— 6-24 

0-995 

-0-43 

4-25 

- 1-83 

3259-58 

-0-495 

12-60 

— 624 

0-50 

— 5-21 

5-31 

-27-65 

3231-93 


— 3-15 

0125 

-6-69 

3 00 

-20-07 

3211-86 


y 

■ ^ 

! *|- j 

s 

As 

I M 0 - y 

X 

0-683 

18-57 

18-57 

0-523 

10-40 

28-97 

0-303 

130-7 

159-67 

0 003 

1-84 

161-51 

-0-327 

-214-5 

- 52-99 

-0-717 

-4000 

- 452-99 

-1-117 

-395-5 

- 848-49 

-1-527 

-3090 

-1157-49 

-1-987 

-202-6 

-136009 

■2-477 

-278-2 

-1638-29 

■2-977 

— 211-3 

-1849-59 

•3-447 

-102-9 

-1952-49 

3-727 

-122-3 

-2074-79 

3-807 

-126-0 

-2200-79 

3-877 

- 87-2 

-2287-99 

3-927 

-+■ 7-20 

-2280-79 

3-967 

+ 109-90 

-2170-89 

3-977 

+ 79-90 

-2090-99 


«si = 2 x + 3211-86 - 6423 - 72 ; 
... 6423-72 „ ,, 

1 789-706 -8 14tm: 


°os = 2 x -2090-99 = —4181-98 
„ -4181-98 


t 
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Table 4/Xc 


I la Lateral Earth Pressure 


The surcharge load is assumed to be 1000 kg/m 2 which is equivalent to the action of an earth column of height h' 
The coefficient of lateral earth pressure is 2 a = 0-3. 

fi = (0 60 + 3-12) 1-8 X 0-3 = 2 01 / 2 = (0 60 + 9 50 - 1 68) 1 8 x 0 3 = 4 55 



4-70 2 X 2-01 + 4-55 
3 2 T pT+>55 


2-04 tin 


1000 

7-8 


= 060 m. 



Ay 

f 

F 

t 

Mo 

As 

X 

As 

M 0 - 

T 

As 

IM 0 - 

T 

y 

As 

M 9 - y 

x s 

1M, — y 

T 

1 

0 

201 

0-204 

004 

00 

93-7 

0 


0-683 

0 


2 

010 

206 

0-423 

019 

0-031 

86-7 

2-68 

2-68 

0-523 

1-40 

1-40 

3 

0-30 

217 

0-582 

0-42 

0175 

69-9 

12-22 

14 90 

0-303 

3-70 

5-10 

4 

0-56 

2-31 

0-792 

0-72 

0-558 

50-8 

28-35 

43-25 

0 003 

009 

5-19 

5 

0-89 

2-49 

0-930 

1 05 

1-198 

34-0 

40-65 

83-90 

-0-327 

- 13-31 

- 8-12 

6 

1-25 

2-685 

1-088 

1-44 

2-341 

20-75 

48-60 

132-50 

-a-717 

- 34-85 

- 42-97 

7 

1-64 

2-895 

111 

1-84 

3-95 

1005 

39-70 

172-20 

-1117 

- 44-30 

- 87-27 

8 

2-05 

312 

1-357 

2-25 

6-052 

4-49 

27-20 

199-40 

-1-527 

- 41-50 

- 128-77 

9 

2-47 

3-34 

1-702 

2-71 

9-034 

1-963 

17-73 

217-13 

-1-987 

- 35-20 

- 163-97 

10 

2-95 

3-61 

1-873 

3-20 

13 051 

2135 

27-83 

244-96 

-2A11 

- 68-90 

- 232-87 

11 

3-46 

3-88 

2008 

3-70 

18083 

1-38 

24-95 

269-91 

-2-977 

- 74-15 

- 307 02 

12 

3-96 

415 

213 

4 15 

23-751 

0-645 

15-32 

285-23 

-3-447 

- 52-85 

- 359-87 

13 

4-36 

4-37 

0-617 

4-45 

27-73 

1025 

28-40 

313-63 

-3-727 

-1060 

- 465-87 

14 

4-50 

4-44 

0-312 

4-53 

28-923 

1-772 

51-22 

364-85 

-3-807 

—1951 

- 660-97 

15 

4-57 

4-48 

0-270 

4-60 

29-967 

2-983 

89-40 

454-25 

-3-877 

-346-2 

-1007-17 

!6 

4-63 

4-51 

0126 

4-65 

30-745 

4-25 

130-70 

584-95 

-3-927 

-5130 

-1520 17 

17 

4-68 

4-54 

0090 

4-69 

31-356 

5-31 

166-30 

751-25 

-3-967 

-6600 

—•2180-17 

18/2 

4-70 

4-55 

0 

4-70 

31-471 

3 00 

94-41 

845-66 

-3-977 

-375-3 

-2555-47 


ttor/.i. = 2 x 845 66 = 169132; a olu . = 2 x -2555-48 = - 5110 94 


Mllla 


169132 

789-706 


-5110-94 

Hw ° = ~wFL<r= - 589tm - 


£ 


VO 


=214 tm; 
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\ Table 4/Xd 

lib Additional Loading from External IVater Pressure 

As for loading case Ha the uplift pressure has been neglected; only the excess pressure will be considered porosity ; n — 27 %; 
coefficient of lateral earth pressure, = 0-3 

1 - n = 1-0-27 = 0-73; v = (6 0 - 168) X 1000 (1 - 0 73) 03 = 3-38; 

Thus, the pressure increment for 1 running metre is 0-781 t 












As 

, „ As 


Ay 

V 

V 

r 

M, 


M - 

I M 0 - 

y 

M, - y 

I M, - y 







t 

T 

T 


X 

X 
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Table 4/Xe 


III. Internal Water Pressure 

The normal forces are resolved into horizontal and vertical components (see Fig. 4/112d). The values of a are measured 

P k = P sin a P, = ? cos a 
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Table 4/Xf 


Tabulation of the Critical Moment and Shear Values in the Critical Sections 


N = P sin * + H ■ cos a; //=4-81,; A/= — 814 lm . 
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Fig. 4/112. Loading and moment diagrams 


4.44. FLEXIBLE METAL CULVERTS OF CORRUGATED STEEL SHEETS 

It has already been pointed out, when dealing with the dimensioning of circular 
tunnels, that an effective lateral earth support may essentially reduce or even 
completely eliminate bending stresses in this type of tunnel. The degree of lateral 
support depends on the stiffness of the passive resistance of the surrounding soil, 
and as the mobilization of this is a function of displacement, the flexibility of the 
section is of fundamental importance. The greater the lateral elongation of the 
tunnel diameter, the greater the passive earth resistance, i.e. the lateral pressure 
(see Eq. 4.163 and Fig. 4/101). 

This concept is realized in the design and construction of the “Armco”-type 
coirugated steel-plate culverts. (Fig. 4/112A) Where a uniform soil support around 
the culvert is obtained by proper back-fill and compaction, bending stresses are 
small compared with axial stresses. The maximum radial deflection of a circular 
culvert is 
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where p = average vertical pressure at the top of culvert 
r = radius of culvert 
E = modulus of elasticity 
J = moment of inertia of culvert 
C = coefficient of subgrade reaction. 

Since the flexural rigidity, EJ, of flexible culverts is generally small compared 
with the second term in the .denominator, the former can safely be neglected and, 
thus, the maximum deflection obtained approximately is 


A 



Field experiments on corrugated steel culverts under fills of sand, silt and clay 
with heights exceeding the culvert diameter have shown that the vertical soil 
pressures vary between 50% and 90% of the overburden pressure at the 
top of the culvert. The horizontal soil pressures on such culverts were generally 
greater than the vertical ones and sometimes exceeded the overburden pressure. 
It was-also found that the method of backfilling and compaction as well as foun¬ 
dation conditions affected the load on culverts. In this respect Meyerhof 
then White 4 -' 23 stated that soft foundations under the culvert, with hard 

support' at-each side, serve to decrease the load on the structure. Hard foundations 
underneath, with soft support on the sides, tend to increase it and a uniform foun¬ 
dation viz. support underneath and at each side subjected to compaction to such 
an extent that deflection amounts to a minimum tends to make the load on the 
structure equal to the height of cover, or the column of material plus superimposed 
live loads. For heights of fill, exceeding about 3 m (10 ft) under highway loading 
and in excess of 9 m (30 ft) under railway loading, the line load is negligible when 
taking the dead load equal to the full overburden pressure. Flexural rigidity of 
corrugated steel-sheet culverts is required mainly during construction stage, when 
it has to resist the forces of handling and compaction of the earth against it, 
whereas after completion, compression resistance is the governing factor. Compres¬ 
sion within the ring may be determined by multiplying its radius by the normal 
pressure p 0 , and this product may be kept constant around the whole perimeter. 
According to this assumption, the corresponding soil pressure on the structure 
at any point may be taken as inversely proportional to the radius and may be 
given as 

P = Po r J 

Corresponaing soil pressure distribution figures for flexible culverts are repre¬ 
sented in Fig. 4/112B. and axial compression forces may be obtained, in general, 
from the simple formula 

N = Po D/2 

3 White, H. L.: Largest Metal Culvert Designed by Ring Compression Theory, Am 
Civil. Eng. Jan. 1961 53 
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Fig. 4/112B. Pressure distribution 

assumptions around variously shaped corrugated steel plate culverts 


Live load 



Fig. 4/112C. Calculation of normal force N 


Fig. 4/112D. Load assumptions for a flat-bottom culvert 



as indicated for circular and elliptical sections in Fig. 4/112Cand for pipe-arch 
sections in Fig. 4/112D; with a, denoting the uniformly distributed roof pressure 
or the culvert resulting from overburden pressure and live load on the surface. 

A limitation of axial compression stresses is that they cannot exceed the critical 
value owing to buckling. With some allowance made for accidental eccentricities 
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and imperfections of culverts in practice, the critical stress (a kr ) can be conve¬ 
niently expressed by 


— - 

1 + a ,lc k 

where oy yield stress of culvert material or joints 

a k = buckling stress of curved plates bearing against comnact soil to 
be determined from elastic theory as 

2 I CEJ \i 


^ F 11 - A4 2 J 

with F denoting the unit cross-sectional area of culvert wall, n Poisson’s ratio 
beyond the already introduced annotations. 

As to be seen in this correlation a k is independent of the culvert radius which is 
holding, however, only for the practically important case when the ratio r/L is 

( £j ' 

bigger than 2, with L = ^ J . After substitution we get 


1 + K 1 ~ V' 2 ) i CEJ] i 


provided that the embedment of the culvert is of uniform stiffness and the height 
of fill exceeds its diameter. 

Recent investigations and experiments (see Meyerhof) have shown that all 
plain sheet culverts failed by buckling at about one sixth of the yield stress of 
t e material, while corrugated sheets failed generally by crushing at the yield 
stress of the steel. Except near the critical section, the bending stresses in the 
sheets were small and amounted to about one quarter to one half of the axial 
stresses at failure in the central portion of the sheets. While the distribution of the 
soil pressure on the sheets at failure was similar to that of the radial deflections, 
the observed coefficients of soil reaction (ratios of soil pressure to radial deflection) 
varied considerably around the sheets (decreasing with the increase of radial 
deflection). 

According to the experiments of R. K. Watkins 4 - 24 the modulus of soil reaction 
(A/) may be determined from the compression index or directly from the triaxial 
compression and from this the coefficient of subgrade reaction may be obtained 
trom the following formula: 

c M ^ M 
~ 2(1 - H?)r " T57 
where fj. s = 0-5, Poisson’s ratio of soil. 


' Watkins, R K.: Influence of Soil Characteristics on Deformation of Embedded Flexible 
Fipe Culverts, Highway Research Board Bull. 223, National Academy of Sciences Washington 
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Experiments have also shown that the deformation characteristics (C, M ) of 
a loose fill may be assumed for one half of those of a compacted fill. 

In practical calculations only 50% of the theoretical culvert stiffness is assumed 
with regard to the imperfections of joints. 

Based on the beneficial influence of soil support on the statical behaviour of 
embedded culverts, Meyerhof and Fisher 4 . 25 describe some examples how the 
composite action of underground steel-soil structures can be advantageously 
secured and utilized. 


4.5. DESIGN OF RECTANGULAR TUNNEL SECTIONS 

In the review of the typical tunnel sections (see Section 22.3) it was mentioned 
that subway, pedestrian or other utility tunnels, which are generally constructed 
under paved roadways, at shallow depths and in open cuts, are mostly rectangular 
and are built of reinforced concrete. 

This not only makes an economical design possible, but also means that the 
available tunnel space can be utilized to the utmost. To speed up the construction 
the recent trend is towards the increased use of precast units, resulting in further 
reductions in costs which, in turn, explains the growing popularity of rectangular 
sections. 

The reinforced-concrete sections are designed as closed frames, and their struc¬ 
tural analysis should, in fact, be beyond the scope of the present discussion. 
However, because of the special foundation and bedding conditions involved 
and for the sake of completeness, in the following paragraphs we shall discuss 
the structural design of the two most common cases: rigidly supported narrow 
sections, and wide, two bay sections on elastic foundations. 


4.51. ONE BAY RECTANGULAR SECTION ON RIGID FOUNDATIONS 

For simplicity it is assumed that the stiffness ( J ) of the roof and base slabs 
of the rectangular frame depicted in Fig. 4/113 is the same and the stiffness of 
the two walls (J 0 ) differs from that value. The elastic weights which play an 
important role in the deformation of the sections can be reduced by the factor 

r = J/J 0 . 

Because of the symmetrical arrangement of the relative stiffnesses, the elastic 
centre of the frame a is located at the point of intersection of the axes of symmetry 


i 2B Meyerhof, G. G. and Fisher, C. L.: Composite Design of Underground Steel Structures, 
Eng. Journ. Canada Sept. 1963 
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Fig. 4/113. Loading and moment diagrams of a single bay rigidly supported closed frame and 
its static structure 


which, especially with symmetrical loading, greatly simplifies the calculations. 
Using the well-known method of analyzing statically indeterminate structures, 
the frame is cut at the centre line of the roof slab, and the movement of the elastic 
centre a is investigated while assuming it rigidly connected to the end of the frame. 
The movements caused by the external and internal forces should be zero. 

In the determination of the moment diagrams for the loading conditions shown 
in Fig. 4/113, both the unit displacement factors a u and the movements due to 
the loading a oi are obtained from the work equations. 


If If 

—J m ? ds and a 0i = — IA/ 0 m, d.s. 


Accordingly, the unit displacement coefficients are, 
see Fig. 4/113c: 
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see Fig. 4/113e: 


f , dj a* 
«33=J/»3 —= 4--+2 


* 2 , 

f ° 

2 1 

Ut 


For simplicity, only one loading condition will be discussed; the case of a 
uniformly distributed load p, on the roof slab and an equally uniformly distributed 
reaction of the same magnitude on the base slab (Fig. 4/113b). The displacement 
factors from the above loading conditions are; 

C ds a 2 , a A pa' 2 pa 2 la 1 

4 + —142).-—| t + 34], 

r ds 

«02= \M 0 m i — = 0. 

As the areas of the m 2 moment diagram are symmetrical and opposite in sign 
their sum will be zero. 

Similarly, for the above reasons 


r dj 

«o3= \M 0 m 3 — = 0. 


And from the condition of no displacement 

a 11 X 1 4- a 01 = 0 


whence 


Z 1= _^= + 
«n 




pa 2 

- 1-36 

T / 

24 

—- + 4) 

T J 


The moments at the points A, B, C and D can then be determined 

M A = M B = M c = M d = M 0 + X-i, 

as a clockwise rotating moment, by convention, M 0 has a negative sign. 
Thus 


pa 1 


pa 2 1-3 b 

I a 1 

2 4 | t + 4 


pa" 

12 (a + bi) 


The axial forces in the vertical walls will be N 0 = and in the roof and 
base slabs N = 0. 
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The moment at the centre line of the roof and base slabs will be +M 
pa 2 pa 3 

= - tit, ——7-r and will have a uniform value of M A in the walls. 

8 12(a + or) A 

The second, most common loading condition is the case of lateral earth pres¬ 
sure which, strictly speaking, would give a trapezoidal loading diagram, in which 
case neither a 22 nor X 2 would be equal to zero. 

However, no serious error is made if one assumes a uniformly distributed pres¬ 
sure diagram based on the average pressure intensity, in which case the analysis 
would be similar to the one just discussed. 


4.52. TWO BAY BOX SECTION ON ELASTIC FOUNDATIONS 


The section shown in Fig. 4/114a is the most commonly used section in practice. 
The support at the centre line can either be a row of columns or a continuous wall. 



In view of the relatively thin sections 
as compared with the overall dimen¬ 
sions of the structure, the individual 
members should be regarded as flexible 
and the structure designed as one on 
elastic foundations. In the calculations 
it is assumed that the structure is sup¬ 
ported on independent elastic sub¬ 
grades. 

The elasticity of the soil is repre¬ 
sented by Winkler’s coefficient of 



Fig. 4/114. Elastically embedded two-bay 
tunnel structure 


subgrade reaction according to the 
equation 

P — Cy 

where C = the coefficient of subgrade 
reaction 

p = the loading 
y = the deformation of the soil. 

The ideal frame used in the design 
is shown in Figure 4/114b. 

The calculations are complicated by 
the fact that the base slab is supported 


on elastic foundations. Before discussing the design of the whole frame the case 


of a simple beam on elastic supports will be investigated as derived by Paster¬ 
nak. 4 - 26 


426 Pasternak, P.: Die baustatische Theorie biegefester Balken u. Platten auf elastischer 
Bettung, Beton u. Eisen 1926 9 
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The principal equation for elastically embedded beams is 


where 


V d 1 M 

T djt 1 


+ M= 0, 


V bC 


(4.170) 

(4.171) 


and where E = the modulus of elasticity 
J = the moment of inertia 
C = the coefficient of subgrade reaction 
M = the moment at point x 
b = the width of the section. 


The solution of the differential equation sounds: 

M = Cj cos £ cosh { 4- C 2 sin £sinh { + C 3 cos { sinh £ + C 4 sin £ cos 

where 

£ = ^ (4.172) 

and Ci, C 2 , C 3 and C 4 are constants, depending on the boundary conditions. 

The shear can be expressed as the derivative of the moment 

Q = i [— C, (sin £ cosh £ — cos £ sinh £) + C 2 (sin £ cosh £ + cos { sinh 0 + 

+ C 3 (cos £ cosh £ — sin £ sinh {) + C 4 (cos £ cosh { + sin £ sinh I)], (4.173) 

and the soil reaction as the second derivative 

q = ~ [—Ci sin £ sinh £ + C 2 cos £ cosh £ — C 3 sin £ cosh £ + C 4 cos £ sinh (]. (4.174) 


Fig. 4/115. Elastically supported beam loaded 
at its end 


t 

V 

7 ! ' 

p, 




MW#### 


Forming the third derivative the external rotations are obtained as being proportional with 
the loading q. 


k - f —Ci (sin { cosh £ + cos £ cosh £) — C 2 (sin £ cosh £ — cos c sinh £) — 

L, L 

— C 3 (sin £ sinh £ + cos { cosh {) + C 4 (cos £ cosh £ — sin £ sinh £)]. (4.175) 


The different loading conditions can be deduced from the simple case when a single point 
load P x and a moment are acting at one end of the beam. Therefore, this case will be 

investigated first (Fig. 4/115). 
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Substituting the boundary conditions and the loads of the beam into Eqs 4.172 to 4 175 
we obtain: At point O from the condition that M = 0 it follows that C. = O' and from 
the condition that G = 0 we obtain C 3 + C 4 = 0. By introducing the symbol’s C, = A, 
and C 3 - C 4 — A* Eqs from 4.172 to 4.175 become 

M = A sin £ sinh £ - A 2 (sin £ cosh £ - cos £ sinh £) = A,y x - A,y s , (4.176a) 

Q =~ [*i (sin s' cosh £ + cos £ sinh £) - 2/f 2 sinisinh«]=(A 1 y 3 -2/4 ; y 1 )“. (4.176b) 

2 r 2 

q ~ M i cos £ cosh £ ~ ^2 ( s *n £ cosh £ + cos £ sinh £)] = — [A x y 4 - A 2 y 3 ], (4.176c) 

2 , , 

K = -^rL^i (sinecosh £ - cos £ sinh £) - 2 A, cos £ cosh£] = — [~A l y 2 - 2A,y t ]. 

(4.176d) 

The value of A x and A 2 can be determined from the boundary conditions. y lt y 2 , y 3 and y 
can be calculated as functions of £. These values can also be obtained from Table 4/XL 

The moment at £ = — should be equal to M x and similarly Q = p x . If — i s replaced 
by A we can write the following equation: 


A x sin A sinh A — A 2 (sin A cosh A — cos A sinh A) = Af,; 
A t (sin A cosh A + cos A sinh A) — 2 A 2 sin A sinh A = LP X . 
From the two equations: 

sin A sinh A 


A =4 


cosh 2A + cos A — 2 


M 1 - 2 


sin A cosh A — cos A sinh A 


sin A cosh A + cos A sinh A 

A. — 2- ------ m, — 2 

cosh 2A 4- cos 2A — 2 1 


cosh 2A + cos 2A — 2 

sin A sinh A 


LP X = 4 q, M x - 2o, LP X ; 

(4.177) 


cosh 2A + cos 2A — 2 L?x 2 Q> LPl ' 


The rotation and the soil reaction at the two edges of the beam are 
at a: = 0 


(4.178) 




and at 


4 sinh 2A + sin 2A 

K l = -7T — L -rr-r- M\ - 


x = / 
2 


< 7 o -7H1 


cosh 2A — cos 2A 


(4.179) 


L 3 cosh 2A + cos 2A - 2 1 L 2 cosh 2A + cos 2A - 2 


Pi = 


4 2 

— 1 ~ ~U Pl 


(4.180) 
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Table 4/XI 


4 

yi 

sin { sinh { 

Diff. 

y 2 

sin $ cosh £ — 
— cos $ sinh £ 

Diff. 

ys 

sin £ cosh £ + 
4- cos £ sinh £ 

Diff. 

y 4 

cos £ cosh £ 

Diff. 

000 

o-oooo 

25 

75 

125 

175 

225 

275 

325 

375 

424 

474 

524 

573 

622 

670 

718 

766 

812 

858 

902 

946 

987 

1027 

1065 

1101 

1133 

1163 

1189 

1212 

1230 

1243 

1252 

o-oooo 

0 

6 

16 

32 

50 

76 

106 

141 

181 

225 

276 

330 

390 

445 

524 

598 

678 

761 

849 

941 

1038 

1138 

1243 

1352 

1464 

1578 

1696 

1815 

1938 

2062 

2186 

o-oooo 

1000 

1000 

1000 

1000 

1000 

998 

998 

997 

995 

991 

988 

982 

974 

965 

954 

940 

922 

903 

877 

851 

816 

778 

733 

684 

626 

562 

490 

409 

1 

318 

220 

110 

10000 

0 

0 

1 

2 

4 

6 

12 

18 

25 

37 

48 

63 

81 

103 

1 127 
155 

187 

223 

263 

308 

357 

412 

471 

536 

606 

683 

764 

852 

946 

1064 

1152 

005 

00025 

00000 

o-iooo 

1 0000 

010 

00100 

00006 

0-2000 

1 0000 

015 

0-0225 

0 0022 

0-3000 

0-9999 

0-20 

0-0400 

00054 

0-4000 

0-9997 

025 

0-0625 

00104 

0-5000 . 

0-9993 

0-30 

0 0900 

0-0180 

0-5998 

0-9987 

035 

01225 

00286 

0-6996 

0-9975 

040 

01600 

0 0427 

0-7993 

0-9957 

045 1 

0-2024 

00608 

0-8988 

0-9932 

0-50 

0-2498 

00833 

0-9979 

0-9895 

0-55 

0-3022 

01109 

1-0967 

0-9847 

0-60 

0-3595 

01439 

11949 

0-9784 

0-65 

0-4217 

01829 

1-2923 

0-9703 

0-70 

0-4887 

0-2284 

1-3888 

0-9600 

0-75 

0-5606 

0-2808 

1-4842 

0-9473 

0-80 

0-6371 

0-3406 

1-5782 

0-9318 

085 

0-7183 

0-4084 

1-6704 

0-9131 

0-90 

0-8041 

0-4845 

1-7607 

0-8908 

0-95 

0-8943 

0-5694 

1-8484 

0-8645 

100 

0-9889 

0-6635 

1-9335 

0-8337 

1-05 

1 0876 

0-7673 

20151 

0-7980 

110 

1-1903 

0-8811 

2-0929 

0-7568 

115 ! 

1-2968 

1 0054 

2-1662 

0-7097 

1-20 

1-4096 

1-1406 

2-2346 | 

0-6561 

1-25 

1-5202 

1-2870 

2-2972 

0-5955 

1-30 

1-6365 

1-4448 

2-3534 

0-5272 

1-35 

1-7554 

1-6144 

2-4024 

n. a cr\o 

KJ *tJUO 

1-40 

1-8766 

1-7959 

2-4423 

0-3646 

1-45 

1 -9996 

1-9897 

2-4751 

0-2710 

150 

2-1239 

2-1959 

2-4971 

0-1664 
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Table 4./XI (cont.) 


i 

sin £ sinh £ 

Diff. 

yi 

sin f cosh £ — 
— cos i sinh < 

Diff. 

yi 

sin f cosh £ + 
+ cos £ sinh { 

Diff. 

y 4 

cos { cosh £ 

Diff. 

1-55 

2-2491 

12^4 

2-4145 


2-508 


00512 

1265 

1-60 

2-3745 

12^1 

2-6458 


2-5070 

11 

-00753 

1-65 

2-4996 

1240 

2-8895 


2-4927 

143 

289 

-0-2136 

1383 

1 70 

2-6236 

1221 

3-1456 


2-4638 

-0-3644 

1508 

1-75 

2-7457 

1195 

3-4141 


2-4198 

445 

-0-5284 

1640 

1-80 

2-8652 

1160 

3-6947 


2-3577 

606 

-0-7060 

1776 

1-85 

2-9812 

Ills 

3-9871 


2-2777 

800 

-0-8980 

1920 

2069 

1-90 

3-0927 

1059 

4-2908 


2-1776 

1UU1 

-11049 

1-95 

3-1986 

993 

4-6054 

\7A1 

20562 

1214 

-1-3273 

2224 

2383 

200 

3-2979 

914 

4-9301 


1-9115 


-1-5656 

205 

3-3893 

824 

5-2647 


1-7425 


-1-8205 

2549 

2-10 

3-4717 

719 

5-6078 

2SOQ 

1 -5470 


-20923 

2718 

215 

3-5436 

600 

5-9587 


1-3245 


-2-3814 

2591 

220 

3-6036 

465 

6-3162 


1 0702 


-2-6882 

3Uo 5 

2-25 

3-6501 

314 

6-6790 

3667 

0-7852 


-3-0131 

3249 

230 

3-6815 

147 

7-0457 

36g9 

0-4669 


-3-3562 


2-35 

3-6962 

40 

7-4146 


0-1134 

J 3 J3 

-3-7177 


2-40 

3-6922 

244 

7-7842 

3682 

-0-2772 

jyuo 

-40976 

3 /99 

2-45 

3-6678 

469 

8-4524 

3646 

-0-7068 


-4-4961 


250 

3-6209 

715 

8-5170 

3^87 

-11770 


-4-9128 


2-55 

3-5494 

983 

8-8757 

3S03 

-1-6900 

SS 72 

-5-3477 

4^26 

2-60 

3-4511 

1272 

9-2260 

3390 

-2-2472 

6034 

-5-8003 

46 Q 8 

2-65 

3-3239 

1586 

9-5650 

3248 

-2-8506 

f ;i 7 

-6-2701 

ASUsA 

2-50 

3-1653 

1924 

9-8898 

107? 

— 3-5018 


-6-7565 

5023 

2-75 

2-9729 

2287 

10-1970 

2862 

-4-2024 

7 s 16 

-7-2588 

5271 

2-80 

2-7442 

2676 

10-4832 

2614 

-4-9540 

8040 

-7-7759 

5 308 

00 

fN 

2-4766 

3091 

10-7446 

2326 

-5-7580 

8 S 78 

-8-3067 

5404 

2-90 

2-1675 

3524 

10-9772 

1994 

— 6-6158 

9126 

— 8-847! 

5568 

2-95 

1-8141 

4004 

111766 

1617 

-7-5284 

9685 

1 

— 94039 

5630 

3 00 

1-4137 

: 

11-3383 

-8-4969 

— 9-9669 
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2 cosh 2A — cos 2A 2 sinh 2A — sin 2A 

—---- Afi 4 - ___ p _ 

Z.* cosh 2A + cos 2A — 2 L cosh 2A + cos 2A — 2 1 

2 2 
- -j^QzPi 


(4.181) 


Pasternak has tabulated values for Ql , o.,, g 3 , o 4 , o 5 and q Fi as functions of A. With the aid of 
these tables (Table 4/XI1) Eqs 4.177—4.181 can be solved. The tables contain values only for 

the range of A between 0 5 and 2-75. Namely, if A< 4 tfte deformation of the girder is 

negligible and it can be considered a rigid beam; if4< A < n the beam belongs to the 

category of slyjrt beams for which Tables 4/XI-and 4/XII can be used; if A > n the beam 
can be considered infinitely long. 

Returning to the investigation of the so-called short beams, let us consider the case where 
the load is applied somewhere around the middle of the beam (Fig. 4/116). By cutting through 




M. 

_£tl 


3) 




-_ L _J 

r 


Fig. 4/116. Elastically embedded beam 

loaded at its midpoint and the 
equivalent loading condition 


I" 

=3^/V 
v!V /7 


the beam at the line where the load is applied, one obtains two beams, which could be analyzed 
in the way discussed before. The value of the imaginary forces Q and M applied at the cut 
could be determined from the condition that the displacements and the rotations at 
the ends of both beams should be equal. 

If the angle of rotation caused by M l = 1 tm at point 1 is denoted as a u , and that caused 
by P 2 , as a 21 , and similarly adopting the notations a 12 and a 22 for the diplacements due to 
and P 2 , respectively, the following equations can be written: 

"t" fl n) M (a‘ ]2 a[ 2 ) Q — a[ 2 P 2 + a \j M x = 0 { 

/ l M182) 

(°«i - a 2l ) M - (a 2 ' 2 + a r 22 ) Q - a r 22 P 2 + a[ 2 = 0, J 

on solving these equations for M and Q the problem becomes analogous with the case of 
beams acted upon by forces applied at one end only. 

In the analysis of the frame one has to know the magnitude of the angle change and displace¬ 
ment at the two ends o the beam caused by the unit moment = 1 tm) and force (P 2 = 
— It) (Fig. 4/115). Denoting the angle changes by a n , a 12 and the displacements by a 2I , a,, 
then from Eqs 4.180 and 4.181 

4 2 2 
11 l? ’ 3lS /T = @3 • 
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Table 4/X1I 


A 

Qi 

Diff. 


Diff. 

Qa 

Diff. 

Qa 

Diff. 

<?6 

r~ 

Diff. 

Qa 

Diff. 

0-50 

24 18661 

5-95160 

12-02662 

2-07805 

400252 

0-36315 

2-99592 

0-52131 

0-99904 

009092 

11-96809 

2-98758 

0-55 

18-23501 

412393 

9-94857 

1-57786 

3-63937 

30190 

2-47461 

39682 

0-90812 

7743 

8-98051 

2 07437 

0 - 60 

1411108 

2-94570 

8-37071 

1-22584 

3-33747 

25530 

2-07779 

30999 

0-83169 

6453 

6-90614 

i -48565 

0"65 

11-16538 

2-15940 

7-14487 

0-97125 

3 08217 

21855 

1-76880 

24575 

0-76716 

5635 

5-42049 

1 09222 

0-70 

900598 

1-61671 

6'17362 

78152 

2-86362 

18894 

1-52305 

19846 

0-71181 

4822 

4-32827 

0 82077 

0-75 

7-38927 

1-23318 

5-39210 

63750 

2-67468 

16492 

1-32459 

16255 

0-66359 

4235 

3-50750 

62894 

0'80 

6-15609 

0-95610 

4-75460 

52537 

2-50976 

14519 

1-16204 

13514 

0-62124 

3748 

2-87856 

49050 

0'85 

5 19999 

75133 

4-22923 

44100 

2-36457 

12853 

1 02690 

11343 

0-58386 

3347 

2-38806 

39014 

090 

444866 

59787 

3-78823 

37012 

2-23604 

11454 

0-91347 

009634 

0-55039 

3012 

1-99792 

30902 

095 

3-85079 

48081 

3-41811 

31396 

212150 

10259 

0-81713 

8246 

0-52027 

2735 

1-68890 

25248 

100 

3-36998 

39030 

310415 

26836 

2-01891 

009227 

0-73467 

7128 

0-49292 

2490 

1-43642 

20730 

1 05 

2-97968 

31949 

2-83579 

23077 

1-92664 

8336 

0-66339 

6205 

0-46802 

2289 

1-22912 

17179 

110 

2-66019 

26339 

2-60502 

19944 

1-84328 

7552 

0-60134 

5438 

0-44513 

2108 

1-05733 

14369 

115 

2-39680 

21856 

2-40558 

17320 

1-76776 

6864 

0-54696 

4798 

0-42405 

1952 

0-91364 

12111 

1-20 

2-17824 

18233 

2-23238 

15099 

1-69912 

6253 

0-49898 

4262 

0-40453 

1818 

0-79253 

10292 

1 *25 

1-99591 

15286 

208139 

13209 

1-63659 

5708 

0-45636 

3805 

0-38635 

1704 

0-68961 

0-08805 

1-30 

1-84305 

12868 

1-94930 

11590 

1-57951 

5220 

0-41831 

3415 

0-36931 

1600 

0-60156 

7580 

1-35 

1-71437 

10871 

1-83340 

10194 

1-52731 

4781 

0-38416 

3079 

0-35331 

1513 

0-52576 

6567 

1-40 

1 '60566 

009209 

1-73146 

0-08983 

1-47950 

4381 

0-35337 

2790 

0-33818 

1433 

0-46009 

5722 

1-45 

1-51357 

8821 

1-64163 

7930 

1-43569 

4021 

0-32547 

2539 

0-32385 

1359 

0-40287 

5006 

1 -50 

1 '43536 

6654 

1-56233 

7008 

1-39548 

3690 

0-30008 

2318 

0-31026 

1300 

0-35281 

4402 

1-55 

1 *36882 

5669 

1-49225 

6197 

1-35858 

3389 

0-27690 

2126 

0-29726 

1241 

0-20879 

3888 

1*60 

1-31213 

4834 

1-43028 

5484 

1-32469 

3110 

0-25564 

1955 

0-28485 

1193 

0-26991 

3447 
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Table 4/XII (cont.) 


Diff. 


Diff. 


Diff. 


Diff. 


Diff. 


1-65 

1-70 

1-75 

1-80 

1-85 

1-90 

1- 95 

2 - 00 
205 
210 
215 
220 
2-25 
2?0 
2-35 
240 
2-45 
250 
2-55 
260 
265 
2-70 
2-75 


1-26379 
1-22256 
1-18740 
115743 
113190 
111020 
109129 
1 07619 
1 06303 
105196 
1 04269 
1-03496 
1 02855 
1 02327 
101894 
101543 
101260 
101035 
1 00858 
1 00721 
1 00616 
1 00537 
1 00480 


4123 
3516 
2997 
2553 
2170 
1891 
1510 
1316 
001107 
0 00927 
773 
641 
528 
433 
351 
283 
225 
177 
137 
105 
79 
57 


1-37544 
1-32692 
1-28401 
1-24607 
1-21257 
1-18302 
1-15648 
1-13414 
1-11410 
1-09658 
1-08131 
1 06805 
1-05658 
1 04669 
1 03823 
103101 
1-02490 
101976 
1-01547 
101193 
1 00903 
1-00668 
1-00481 


4852 

4291 

3794 

3355 

2955 

2654 

2234 

2004 

001752 

1527 

1326 

1148 

000988 

846 

722 

611 

514 

429 

354 

290 

235 

187 


1 


1-29359 
1-26504 
1-23885 
1-21484 
119285 
117273 
115383 
1 13759 
112232 
110845 
1 09587 
1 08449 
1 07423 
1 06499 
1 05670 
1 04929 
1 04268 
1 03681 
103162 
1 02703 
1 02302 
101951 
101646 


2855 

2619 

2401 

2199 

2012 

1890 

1624 
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If A < — i.e. the beam is infinitely rigid, the values become 
4 

12 6 4 
4,11 /T * - ~ji’ « 2i = y. 

If A > 7i the beam can be regarded as infinitely long. In this case A = °o is used in the 
calculations, and Eqs 4.172-4.175 can be rewritten as 

C t = —C 3 , C, — — C 4 and cosh c — sinh { = e~ 4 , 

M = C x e~ l cos { + C 2 e~ i sin i — C, 77 , + C, ?? 3 , 

/ C = y 1“ c i *)» + C* %1 > 9 = y^ [Cj j ? 3 - Cj 17 J, 

2 

* =tj[Ci»?4+ (4.183) 


(for values of i) see Table 4/XIII). 

If the load is applied at the edge of the beam (Fig. 4/115) and substituting the boundary 
conditions, then 

M i = c i Vi + Q Vz = Ci, 


as < = 0 and then 


r) l = e° cos 0 ° = 1 ; Vi = sin 0 ° = 0 , 


Pt = y [- Ci r, 3 + C 2 Vt i = 1 [- M x + C 2 ]. 


Therefore the value of the two constants is 


the rotation at the edge 


and the displacement 


Ci = A*/, , 

C t = Mi + LP>, 




On that basis the rotation and displacement from the unit moment 
Mi = 1 tm and unit force ?. = 1 t 
4 2 2 

a " = U’ a '°- = -ir a ** = T- 

The calculations will be demonstrated by a numerical example: Determine the 
moments in the frame Shown in Fig. 4/117. The frame is loaded on the top by 
a uniformly distributed load and on the sides by trapezoidal earth pressure 
diagrams. 
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Fig 4/117. The two-bay, elastically 

embedded frame, analyzed 
in the numerical example: 
(a) its loading diagram; 

C b ) its static structure 
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b) 



J 0 = 10- 3 m 4 , E = 2-4 x 10* t/m 2 , C = 500 t/m 2 , i = Im, 


L — 


and thus: 


* 14EJ *1 4x24 x 10" xl8 xlO- 3 
V Cb ~ V 500 


, / 460 

r- 1 ' 0672 ' 


= 4-31m. 


The bottom slab of the frame belongs to the category of short beams. In view 
of the symmetry, the frame can be analyzed as a statically indeterminate structure 
with three redundant forces (Fig. 4/117b). 

The section can be modified to become a statically determinate structure by 
cutting it through at the top centre. 

The condition of no movement can be expressed by the following equations: 


a n + a 12 X 2 4- a 13 X 3 + a 01 — 0, 
a 2 i Xi + a 22 X 2 + a 2 3 X 3 + a 02 = 0, 

a 3i %i + a 22 + fl 33 X 3 + a 0 3 — 0, 


(4.184) 


from which X 3 , X 2 and X 3 can be calculated. When calculating the unit displace¬ 
ment factors, the displacements resulting from the elastic bedding should also 
be taken into consideration: 
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where the second part of the right hand side of the equation is the product of the 
pressure ( q ) on the bottom slab and the displacement (y) caused by a unit force 
acting in the same direction. 

First the bottom slab will be considered, regarding it as a beam on an elastic 
foundation acted upon by the loading diagram illustrated in Fig. 4/118. Taking 



the centre of the slab as origin, then, because of the symmetrical arrangement o^ 
oadings, the constants C 3 and C 4 will be equal to 0. Taking this into account 

M ~C l cos f cosh £ + C 2 sin £ sinh £ = Cj y 4 + C 2 Vi, 


2 = -j-(- c i y 2 + C 2ya), 


<1 = -j 2 (- Ci sin £ sinh £ + C 2 cos£ cos h£)=-C 1 y+ C 4 y 4 ), 


2 

K = (~ Ci y 3 — C 2 y 2 ), 


from the boundary conditions 

== 2q a M \\ C*2 = 2^,j Afj. 

These values become, in our example: 

C, = 2 X 0 4073 = 0-81466; C 2 = 2 X 0 16060 = 0-32120; 
Af = 0-81466 y 4 + 0-32120 y 4 ; 
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Fig. 4/120. Diagrams of the moment effect at the 
section below the centre column 
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Fig. 4/121. Unit moment 

diagrams of the static structure 
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In the case of M = 1-035 tm loading P L = 0, Therefore 

A 1 = 4 Ql M = 4 X 0-6421 x 1 035 = 2-658; 

.4 2 = 2g 6 M = 2 X 1-1707 X 1-035 = 2 4231. 

Using again Eq. 4.176, M 0 — 0 and = 1-035 

M x = + 0T9058 - 00315 = 0-15908; M, = 0 7575 - 0-2467 = 0 5108; 
JVf, = 1-6950 - 0-8265 = 0 8685. 


Combining the two cases we shall get the influence diagram shown on Fig. 4/120. 

Let us calculate now the displacement of the frame, taking the elastic nature of the botton: 
support into consideration. First the unit displacement factors are calculated for the loads: 
Xi = 1 t, X 2 = 1 tm and X 3 = 1 t, then the displacement due to the uniformly distributed 
external load p. The moment diagram for the load X x = 1 t is shown on Fig. 4/121. The 
moment diagram in the bottom slab was calculated by multiplying the influence diagram values 
of Fig. 4/119a by the 5-05 tm corner moment. As E is constant and only the value of J is 

J 

variable, r can be determined from the expression —, and the area of the moment diagram 

J (1 


is calculated from the expression 


c m\ di 
ion a u = I -: 


S05" x 5-05 „ 5-05’ + 4867=.. , 4867= + 4 J 2 ' 

-3lTT33- 2 + ~ 2xl8 “5 x 2 + TxT8 115x2 + 

4S2- + 4 ;22_? ,., 5 * 2 - 26 734. 

2x 18 2 X 18 

Fig. 4/121b illustrates the moment diagram for the X* = 1 tm loading case, utilizing the in¬ 
fluence diagram of Fig. 4/119a to calculate the moments m the bottom slab. From the figure the 

unit displacement factor a 22 = Jt* can be directly determined, and by multiplying with 

the appropriate ordinates of the m x diagram, the value of 


° 12 ~j 


m l m i dj 


may be obtained. Without giving the details: 

a 2i = +3-233; a l2 = +6-889. 

The moment diagram from the load X 3 = It is also given in Fig. 4/121. The moment 
on the bottom slab is the resultant of the three forces illustrated (see Figs. 4/119a-b anc 
4/120a-b). 

Knowing m 3 we can calculate the unit displacement factors a 13 a S3 and a 3:j : 


— J -—-— 13 631 , #33 — 


j* dj _ —5-895, a 33 = | m \ ds = +12-462. 
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Fig. 4/122. Moment diagram 

of the static structure caused 
by the external loading 
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/ ^ ^ ^ & iS ~ \ The moment diagram of the 

f- | ^ ^ ^ 5 % ;3 1”_/A reduced, statically determinate 

mW ||^|||||l||ljpjlili™ frame ’. fr ° m 1 1 7 0adin ,f “” di *” n 

^ ^ ^—^-UJj I 11 . given in Fig. 4/117 is illustrated in 

5 | Fig. 4/122. The moments in the 

^ ^ bottom slab are calculated again 

from the combined cases of the 
1M* 4-85-66331 v 6B-33t vertical wall reaction and mo- 

L __ ments (see Fig. 4/122a-b). 

^ §> ^ @ The loading factors can tnen 

8 ; S Ss $5 be computed from the moment 

KrlMMl TMlirnifTrrT^ diagram whose ordinates are the 

^rrrTTiTI 1! I..I Lll.l , ■ 11111! H i I F r n > TTT^ t products of the appropriate mo¬ 

ment diagram ordinates M„ and 

2 ft gg 214 35 m ’ using the general relationship 

<--H 5 

<*,» = -dr . 

... ® J T 

nr ' I ^ t T T v ^ / 

§ di » I ^ 11 The diagrams, indicating these 

% [ S | ! products of M 0 m,, are illustrated 

LlJ.1 11 i il 11 lixll 11 i IIIII11 UJJJJJjJJJjJ j n pig 4/123, and from the sum¬ 

mation of the areas the required 
values are obtained: 

a OI = —1148-43; a o2 =-418 72 and a oi = 911-41. 

The equations expressing the condition of no displacement: 

<* 11*1 + <* 12*2 4 <* 13*3 4 o 01 = 0 
n 2 ,*l 4 a 22^2 4 <*23^3 4" <*02 = 0 

<* 31^1 4 <*33*3 4 <*33*3 4 <* 0 g — 0 

26 74*, 4 6-89*2 - 13 63* 3 - 1148 43 = 0 
6-89*! + 3-23*2 ~ 5-90*3 - 418 72 = 0 
-13-63*, - 5-90*2 4 12-46*3 + 911 41 = 0 

From these equations the values of *,, *, and * 3 can be determined 

*, = 414-38 t; *2 = -42-08 tm and * 3 = -77-41 t. 

With the aid of the known *„ * 2 and * 3 values the moment and axial force at any point 
of the frame can be computed using the expressions 


Af — M n 4 *2 4 *i.y 4 * 3 x 


RECTANGULAR SECTIONS 


479 


or in the horizontal members 


N = N„ + X i, 


and in the vertical columns. 


N = N 0 + X 3 . 


The final BM values are given in Fig. 4/124. 


Diagram for M 0 .m, 



Fig. 4/123. Combined moment 
diagram of the static 
structure 



Fig. 4/124. Moment 

diagram of the closed frame 
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4.6. DESIGN DIRECTIVES FOR ANCILLARY WORKS, 

SERVICES AND INSTALLATIONS 

In this section I wish to outline briefly certain aspects and. design details that 
are not concerned with the proportioning of the shape and thickness of the section 
and yet are most important from the point of view of construction, stability, 
durability and maintenance. 

To cover all the details of the above ancillary works would exceed the scope of 
this section and for that reason the following discussion will be limited to their 
application in the construction of tunnels and to certain special provisions and 
specifications. 


4.61. COMPOSITION AND STRUCTURE OF TUNNEL WALLS 

Tunnels walls^can be constructed of iron, steel, concrete, reinforced concrete, 
brick or stone. 5 The loads carried by the walls are typically permanent in nature, 
unlike the live loads carried bother structures such as bridges which also display 
dynamic characteristics. For this reason permanent deformations have to be 
considered in both steel and concrete. These can be all the more significant because 
more often than not the walls are constructed in sections and, thus, are not mono¬ 
lithic. The joints between each section undergo certain deformations themselves, 
changing in time as a function of the ambient earth pressure. From the point 
of view of loads these deformations are beneficial because they help the structure 
to adjust itself to follow the thrust line. However, the same deformations are 
undesirable when it comes to clearances and operational safety as they may 
increase from inches to feet in time (see Section 72.331). 

The walls, then, should be designed to have joints that will not become a source 
of detrimental deformations. The joints in vaults, for example, shall be tight and 
radial in direction, with a minimum of mortar (about 1/16 in) and/or waterproofing 
between the adjacent blocks or units. Concrete, reinforced concrete and stone 
blocks shall be chamfered when subject to heavy thrust; bolt connections shall 
be such as to allow re-tightening. 

In a design using stone blocks the layout and the arrangement of construction 
shall be such as to allow the keystone to be placed from the front, unless a special 
unit with increasing width toward the centre has been provided to facilitate placing 
from the inside. (This is structurally undesirable, however, as it is liable to drop 
out if anything goes wrong with the connection.) Since in the case of radial joints 
the keystone cannot be placed from the inside, the resulting gap would have to 
be filled with concrete cast in place. This is a great drawback, particularly in shield- 
driven tunnels, not only because of the delay involved in the concrete setting but 


4 27 Dawson, J.: Tunnel Linings, Trans. Inst. Civ. Eng. Am. 1956-1957 83 17-33, 113-122 
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also because of potential deformations. It is similarly undesirable to make no 
allowance for lateral pressures in the design of walls. 

When designing concrete, or stone blocks, the method of construction would 
be borne in mind so that the weight and size of the blocks Can be handled by the 
transporting and placing equipment. Transportation and placing are some of 
the most important and difficult problems in organizing the whole job because 
of the limited space and illumination. This is why pumping and pneumatic piping 
of concrete is gaining increasing- acceptance; they take a minimum amount of 
space and deliver the material right to the spot of placing (see Fig. 7/16). With 
the above methods concrete can be conveyed for hundreds of yards and can be 
lifted as high as 80 ft. The,re are thedisadvantages, however, that unlike blocks the 
poured concrete requires formwork it and cannot carry loads immediately. These 
drawbacks can be eliminated easily through the use of sliding forms (Fig. 7/22) 
and hardening accelerators. It is worth noting that the Kemano tunnel in Canada, 
one of the largest aqueducts in the world, was made with prepact concrete. 4 - 28 

Tunnels, in general, having a linear type layout, particularly lend themselves 
to construction with re-usable formwork and scaffolding. To control the placing 
and the alignment of steel segments and reinforced-concrete panels, all that is 
required is a portal fabricated to the true dimensions and acting as a ‘template’. 
These portals can consist of demountable rigid rings, made up of steel rails or 
rolled sections and should be spaced to match the width of the panels and/or 
the blocks. About 4-5 panels should be braced together to form one unit. 

4.62. WATERPROOFING OF TUNNELS 

Waterproofing and drainage are the most important supplementary works in 
tunnel construction. Good waterproofing is essential not only because of opera¬ 
tional considerations, but also because of structural protection and to weathering 
of the surrounding rock. While water seepage from the outside will interfere with 
the safe operation and usage of the tunnel, water seepage from the inside - 
as in the case of aqueducts - will result in losses and impaired efficiency. At the 
same time, water seeping through the wall and the joints is the most co mm on 
initial cause of future troubles (see Fig. 7/6). 

It follows, then, that waterproofing is not only to stop any groundwater seeping 
into a tunnel and conveyed water seeping out of an aqueduct, but also to limit 
all surrounding seepage in order to avoid any detrimental washouts and soakings. 
This is why any waterproofing has to be supplemented by an elaborate drainage 
system. 4 - 29 


4 28 Cf. Bauingenieur 1959 10 

4 29 Botar, I.: Vizszigeteles a melyepitesben es osztdhezagok vizzarasa. (Waterproofing of 
engineering structures and of dilatation joints). Muszaki Kiad6, Budapest 1955. 

Lufsky: K. Bitumindse Bauwerksabdichtung. Teubner Verlag, Leipzig 1951 


31 Sz6chy: The Art of Tunnelling 


482 


DESIGN OF TUNNEL SECTIONS 


Of the two types ©f waterproofing, namely interior and exterior, the latter is 
definitely better from a structural point of view (Fig. 4/125). The exterior type 
has the advantage of keeping the water out of all layers of the wall and allows 
the wall to carry the hydrostatic pressure with its entire thickness. On the other 
hand, this type may be difficult to apply, depending on the method of tunnelling, 
and it is certainly difficult to repair (see Section 72.21). In the case of classic tun¬ 
nelling methods the exterior type waterproofing is applied from the overexcavated 



Fig. 4/125. Interior 

and exterior 
waterproofing 


side, parallel to the walls and with numerable construction joints and under very 
unfavourable working conditions; a bonded type exterior waterproofing could 
not even be considered for shield-driven tunnels, because such repairs as might 
be necessary would be even more difficult to carry out and would require special 
adits (see Section 72.32.). The only ideal exterior type waterproofing for shield- 
driven tunnels is pressure grouting, which can be done from the inside and can 
be extended and repaired at any later date; it is, unfortunately not absolutely 
reliable. 

The interior type waterproofing , on the other hand, can be applied from the 
inside and fastened to the inside face of the exterior wall, which, while not capable 
of carrying hydrostatic pressures, should certainly be able to carry the earth pres¬ 
sure because it had been completed earlier. The waterproofing on the inside face 
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of the exterior wall cannot transfer the hydrostatic pressure to the latter, unless 
a number of measures have been taken to provide sufficient adhesion or some other 
form of anchorage of adequate strength. (For example, fibreglass-epoxy resin 
waterproofing or sheet metal with ribs and anchor rods.) In lieu of such measures 
the waterproofing will be unable to carry the hydrostatic pressures and will have 
to be supported by a second wall or lining, built inside the first one (Figs 4/49 
and 4/125). The outer ring will carry the earth pressures and the inner one will 
take the hydrostatic pressures. In the case of impervious units (cast iron, rein¬ 
forced concrete, concrete blocks, etc.) the problem is one of waterproofing the 
joints and connections; this will be discussed later in Section 62.23. 

The materials for waterproofing are: 

1. impervious plaster 

2. sheet lead (soldered) 

3. bituminous tarpaper or foil 

4. thermoplastic materials (PVC) 

5. welded steel plate 

6. miscellaneous groutings. 

(Waterproofing types 2 to 5 can be regarded as flexible and types 1 and 6 can 
be considered brittle.) 

In the oldest tunnels waterproofing consisted of either plain plastering on the 
outside face, or - in the case of special impermeability requirements - of sheet 
lead, protecting the outside face. While the single layer of plaster, applied in a 
limited working space, soon cracked, weathered and lost its impermeability in 
most cases, the application of sheet lead had to be limited to small areas because 
of the high cost. Practically speaking, neither of the two types is ever considered 
today and so there is no need for a discussion of details. 

46.21. Multi-layer Plastering and Shotcrete 

Multi-layer plastering and shotcrete are both used as waterproofing today. The 
first is used mostly as an interior type waterproofing, requiring careful preparation 
of the surface, mixing and application. Plasterings of this type and capable of 
resisting hydrostatic pressures up to 2 atm have to be made up and applied as 
follows: 

(a) Base. The prepared concrete surface is to receive about 1/4 in mortar, applied with 
a rounded trowel and then left unscreeded and rough (1 : 4 mix, water-cement ratio 0 55, 
Dmix = 5 mm). 

The limits of each layer have to be cut off along a sloping straight line, after setting has 
begun. Outside the cut lines the excess material has to be scraped off and the surface has 
to be cleaned. 

(b) A rough layer, about 1/4 in thick, succeeding the base in about 24 hours, i.e. at a time 

when the latter can still be scratched with the handnail. Two hours after placing - initial set - 
it shall be finished smooth with a wooden trowel (mix 1:3; water-cement ratio 0’45, = 

= 2'5 mm). 


31* 
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(c) Bleeding layer. Also after 20—22 h, appr. 3/16 in thick, to be finished smooth with a 
wooden trowel. Mix 1 : 2, w/c = 0'35, f) ml , = 0 8-1-5 mm. 

(d) Cement paste finish, about 1/16 in thick, 1 part cement to 1 part of water, to be applied 
after 48 h, finished smooth with a wooden trowel and re-finished with a small wooden trowel 
in 8 hours and again in another 3 hours. 

Finally another cement paste layer is to be added, about 1/64 to 1/32 in thick, and is to 
be finished with a steel trowel after 1 hour. 

The finish may consist of a single layer if the cejnent paste is applied with a round brush 
directly over layer (c) - just about ready to set still soft - and is finished after 1 hour with 
a steel trowel. If exposed to fresh air frequently, the cement paste layer may be replaced by 
a cement slurry finish of 1 : 1 mix, 5/32 in thick and finished with a rough wooden trowel 
and then with a steel trowel. (The setting times between subsequent layers can be reduced 
by up to 50% under favourable conditions.) Curing is most important; regular spraying shall 
be kept up for 14 days. The completed plaster is considered acceptable if the amount of water 
seepage does not exceed 0 5 fl. oz.per ft 2 within 24 h. 

In addition to the above preparation methods the following rules shall be observed: 

1. The cement shall have high tensile strength and low shrinkage characteristics. 

2. The temperature of both cement and water shall be around 75—80° F at the time of 
placing. 

3. The grading diagram of the sand shall be continuous 


(a) 

Coarse aggregate (D max = 5 mm) 

°/ 

/0 


0-0 to 0'2 mm grain size 

10-15 


0'2 to l'O mm grain size 

25-30 


l'O to 2'5 mm grain size 

25-30 


2-5 to 5'0 mm grain size 

40-25 

(b) 

Fine aggregate (Z> m3X = 2-5 mm) 

O'O to 0'2 mm grain size 

% 

10-15 


0'2 to 10 mm grain size 

25-30 


l'O to 2'5 mm grain size 

65-55 


4. Impermeable plastering can be applied only to consolidated structures, already load- 
bearing. 

5. Finishing shall be carried out in a space protected from the sun, practically free from 
drafts, with steady temperature and humidity conditions (to keep expansion and shrink¬ 
age to a minimum). 

6. In order to avoid cracking the difference in temperature between concrete wall and 
plaster shall not exceed 35 °F. 

7. The ideal temperature for plastering is around 50—70 °F. 

8. Plastering on newly constructed concrete walls shall not be commenced within 8 
12 and 16 days after stripping (70 °F, 50-70 °F and 40-50 °F) and shall not be carried 
on under 40 °F. 

9. The concrete surface shall be thoroughly cleaned of all dirt (dust, oil, soot etc.) - in¬ 
cluding any calcium efflorescence - and shall be roughened. The dust shall be cleaned 
with water under pressure prior to plastering, so that the wall will not absorb any 
water from the plaster. 

10. Honey-combed areas shall be chiselled out and made good with concrete having a 
higher cement content (200-250 lb/yd 3 more than in the wall). Small areas can be made 
good with mortar of 1 : 3 mix. 
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Here are some of the most common mistakes and errors in plastering work. 

The surface is not cleaned properly. 

A cement slurry base is used, reducing the adhesion of plaster to concrete. 

Dry cement is applied to the wall surface and the properly mixed plaster has water 
surplus to transfer to the cement (haircracks will develop). 

The surface is over-rubbed with a steel trowel (the fine cement grains will work themselves 
up to the surface and haircracks will develop as a result of shrinkage). 

Curing is inadequate. 

The work is done by unskilled labourers. 


More than three layers of plastering are hardly ever required. In over-thick 
plasterwork the different thermal and shrinkage coefficients of the individual 
layers made of different mixes have undesirable interactions. 


46.22. Gunite Plaster*- 30 

This can also be used for interior type waterproofing. Basically, it consists of 
plaster shot at the wall by air pressure. There are two methods of mixing and 
applying: 

1. Sand and very fine gravel (smaller than 5 mm) are mixed with cement in 
a dry condition in a pneumatic mixer (see also Fig. 6/114) and then pushed by 
air pressure through a rigid pipe system and through a connecting flexible rubber 
hose into a spray gun. The spray gun is also connected to a water pressure system 
through a regulating valve, coatrolling the rate of mixing of water with the dry 
mix. The amount of added water shall be such as to keep rebound and plaster 
losses to a minimum. 

2. In the other method, also called the “wet method”, dry cement and sand 
are mixed in the upper drum of a double barrel mixer (Fig. 4/126), then mixed 
with water in the lower drum and finally enter the spray gun under air pressure 
and already in a wet condition. Gunite plastering may consist of one or several 
layers. None of the layers shall be too thick, nor shall these be applied at less 
than 8 hour intervals. Prior to applying the succeeding layer, the cement crust of 
the previous one shall be blasted with dry sandy material. If the overall thickness 
of the plaster is more than 20 mm (3/4") then a wire mesh shall be fastened to 
the wall in order to promote adhesion and reduce shrinkage cracks. Horizontal 
surfaces do not lend themselves to guniting because most of the plaster will splash 
off. Generally speaking, gunite plastering results in high impermeability by virtue 
of the compaction effected by the guniting thrust. This impermeability can be 
increased further by finishing the top layer, making use of its own moisture. 
Because of the approximately 30% loss on rebound, the remaining plaster will 


, M Gunite Handbook. Concrete Proofing Co. Ltd., London 1934 

Klein, R.: Grundsatzliches fiber Torkretarbeiten im Tunnelbau, Eisenbahntechnische 
Rundschau 1952 449, Spritzbeton im Tunnelbau, Schw. Bztg. 1956 212 
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have a considerably higher cement 
content than that of the original 
mix. Since this will result in more 
shrinkage, the placing of a wire 
Section through mesh is justified on this account, 
p concrete gun as well. The elasticity of the gunite 
plaster is also increased by the wire 
/ mesh. This is even more desir- 

able because of the sensitivity to 
^N. subsequent settlements and defor- 

: —' \ mations. 

\ Epoxy fibreglass waterproofing 

\ has recently been introduced for 

'onnection I interior surfaces (see also Section 
o pipeline I 72 211 ) 

/ In addition to its original pur- 

pose the waterproof gunite ring 
also serves as a structural load- 
mmm bearing member, particularly in 

of spray gun pressure tunnels (see Section 43.4). 


! Connection 
: to pipeline 


46.23. Bonded Waterproofing 


Bonded type waterproofings plac- 
ed while hot are more suitable 

- < ^*- > ' Manual control f or interior than for exterior use. 

valve 

Not only are the working conditions 
Fig. 4/126. Section through a concrete gun, „ , 

With details much more favourable in this case, 

but also the surface preparation 

(cleaning, finishing) and drying. 

all of which are essential for sound hot placed waterproofings, can be completed 

much more thoroughly and safely. These items are undoubtedly the most important 

factors in waterproofing. Tunnel walls with no waterproofing will be moist not 

only because of water seeping through from the outside, but also because of the 

condensation of water precipitated from the humid atmosphere that is inevitably 

present in all tunnels. Bituminous hot-placed waterproofing will adhere only to 

dry surfaces. Collector drain grooves shall be provided throughout the entire 

area of the walls to collect the seepage water into a subdrain (see also Fig. 7/8). 

Before applying the first layer of waterproofing the surface has to be dried with 

infrared lamps, gasoline lamps or flame-throwers. Cold bitumen emulsions can 

also be applied successfully instead of using the drying process; the hot bitumen 

will readily bond to water repellent materials of this type. 
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It is common practice to use 4 layers of gauge, 120 sheets in the design of water¬ 
proofing. For interior type waterproofings a supporting wall is also required 
inside. Once the latter has set, the drain grooves can be grouted either with hot 
placed bitumen or with cement plaster and bentonite. Adequate grouting ducts 
have to be provided in the supporting wall in any case. The design, spacing and 
placing of the ducts require special care because all joints and connections can 
become potential sources of trouble. 

For exterior type bonded waterproofing, the drainage, drying, bonding and 
finishing of the outside face are a much greater problem. An even finish is partic¬ 
ularly important because the waterproofing is likely to break and fail under the 
bending moments caused by uneven support. 


46.24. Reinforced Bituminous Waterproofing 

Bituminous waterproofings reinforced with foil (aluminum, zinc) have been 
used on a number of occasions because of their improved bending strength. The 
application of materials of this type did not prove successful in the field of tunnel 
construction, however, because of the long term settlements and other movements 
that the materials were unable to follow. Also, the bituminous coating has left 
a lot to be desired because it has failed to protect the foil material from corrosion. 


46.25. PVC Waterproofing 

The use of PVC sheets for waterproofing tunnels appears to be much more 
promising. The ability of thermoplastic materials (Opanol, Dynogen, Isofol) to 
stretch to many times their original length is most helpful in overcoming the 
overstresses and stress concentrations caused by settlements and lack of local 
support. “Isofol”, for example, has a tensile strength of 190-250 kg/cm 2 (2700 
to 3500 psi) and an ultimate elongation of 280-340%. 

PVC type waterproofing has been used with good results in Czechoslovakia. 4 31 
A number of admixtures (softeners, stabilizers, lubricants, fillers) have been 
added to PVC powder in order to improve impermeability, resistance to heat 
and corrosion and also for economic reasons. The sheets were 1-2 mm (about 
1/16") thick and have stood up well against corrosion and chemicals. They are 
sensitive, however, to gasoline, kerosene, oil, acetone and ether. It is recommended 
that prolonged exposure to the sun should be avoided. 

Because of the lack of bond the structure practically has to be wrapped into 
the above waterproofing sheets (Fig. 4/127). Provided that this is possible, the 
finishing, draining and drying of the surfaces can be dispensed with, which is 


131 Hapl, L.: Isolovani stavebnich konstrukci foliami z mekeneho polyvinylchloridu 
(Waterproofing of buildings with softened polyvinylchloride sheets), lnz. Stavbi 1959 4 
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Fig. 4/127. Plastic waterproofing placed on the extrados 


a tremendous advantage when it comes to exterior type waterproofings. Owing 
to their ductility, the sheets can span over surface wrinkles without being damaged. 
Another advantage over bituminous sheets is the fact that there is no danger of 
rotting or loss of ductility (aging). Notwithstanding the above, where good work¬ 
manship is a factor, the sheets are usually glued (hot or cold) to the wall. This can 
be done with hot asphalt, various epoxy resins and other special bonding agents. 
Prior to the application of such waterproofing the surface shall be cleaned thor¬ 
oughly lest the soft material be damaged by dust or other rough particles 
The sheets can be spliced both hot and cold. Cold splicing is similar to rubber 
patching; the bond.ng agent, as a matter of fact, is rubber cement. Hot splicing 
can be done either by ironing or with high frequency dielectric heating, melting 
together the abutting or overlapping sheets at 180-200 °C (350-400 °F) without 
using any foreign material. Both factory and field splices have been made in 
Czechoslovakia with very good results particularly with overlapping sheets. 4 - 32 * 


' "' a Str aka J.: Foldalatti epftmenyek szigetelesenek helyzete Csehszlovakiaban (Water¬ 
proofing of underground structures in Czechoslovakia), Melyeptud. Szemle Sept. 1960 
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46.26. Use of Thermoplastic Sheets 

Although the use of thermoplastic waterproofing sheets is promising, there is 
no absolute proof of durability because of the limited period of time since their 
introduction. The only absolute waterproofing to date that is completely satis¬ 
factory in all respects is the steel plate, welded from inside. However, for economic 
reasons, its use can be warranted only in special cases, such as aqueducts, under¬ 
ground gas-reservoirs, engine rooms and electrical control centres. Used exclu¬ 
sively as an interior type waterproofing, the steel lining is unable to carry hydro¬ 
static pressures by itself because of the thin cross-section. It has to be supported 
by a reinforced concrete ring, requiring an expensive and time-consuming process. 
For this reason it is advisable to use stiffeners on the outside face of the steel 
lining in order to take the hydrostatic pressures, or, better still, anchor the stif¬ 
feners into the outside concrete wall and take advantage of the resulting composite 
action with the steel lining acting as reinforcement. 

Stiffeners are always required at the splices of the steel lining. These may con¬ 
sist of rolled steel sections (T, L or [ ) welded to the lining'and embedded in the 
concrete (as in Fig. 6/137). Considerable saving can be achieved with sufficiently 
closely spaced stiffeners and anchors by developing composite action. Because 
of corrosion considerations, the thickness of the steel plate cannot be less than 
6 mm (1/4") in any case; this means an area of steel of A s = 50 cnr/m (3-00 in 2 /ft) 
of usable reinforcement. The inevitable gaps between steel lining and concrete 
can be pressure-grouted afterwards (cement grout or bitumen); this will provide 
structural strength and protection against corrosion at the same time. It should 
be realized, of course, that grouting will be rendered more difficult because of the 
stiffeners. 

Steel lining is particularly important in the waterproofing of pressure tunnels 
leading to the turbines of hydroelectric generating plants. The reliability of the 
waterproofing and protection against damage are particularly important in this 
case to prevent the loss of water. It must be noted that the waterproofing may 
be exposed to considerable pressures. It is true that in bearing the internal pres¬ 
sures the waterproofing is supported by the surrounding concrete and rock, but 
it is also well to remember that the distribution and transfer of such pressures will 
also set up additional stresses in the lining. 

A continuous contact between steel lining and concrete is so important that 
many authorities have suggested the omission of all stiffeners and anchors as 
these may present serious problems in the making of solid concrete and in pressure 
grouting. (The use of expanding cement may be recommended.) 

Grouting appears to have a part to play with all types of waterproofing because 
of the importance of continuous contact between the structural layers. Grouting, 
in itself, can also be used as a type of waterproofing. The structural significance 
of grouting in shield-driven and other tunnels will be discussed in Section 63.225, 
where mechanical equipment and methods of the first and second application 
are also dealt with. As will be seen there, the first, low pressure grouting is aimed 
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at filling the voids and the second, high pressure grouting is applied for water¬ 
proofing. The most suitable materials for grouting are cement-bentonite suspen¬ 
sions and hot bitumen. 

Grouting has been mentioned here only to complete the list of waterproofing 
methods. Reference is made to Section 63.225 for details. 


4.63. DRAINAGE OF TUNNELS 

The two major components of tunnel drainage systems are the transverse 
collector system and the longitudinal gallery. Apart from this, the design will 
be basically different for tunnels in mountains where drainage through gravity 
is possible and for subaqueous tunnels or those passing under built qp areas 
where either intermittent or continuous pumping is required for the removal of 
infiltrating water. 

As already mentioned (Section 3.7), tunnels, in general, can also be regarded 
as oversize galleries collecting water from the surrounding ground and rock 
(Fig. 3/77). As it is almost impossible to divert the seeping water, the problem is 
how to keep it out of the tunnel. This can be achieved either by completely imper¬ 
meable waterproofings or by providing an interceptor blanket behind the walls' 
which is not susceptible to wash-outs, softening and hoeing, and from where the 
water can be drained directly into the longitudinal gallery. This was attempted 
earlier by deliberately leaving an interstice between the wall and the surrounding 
ground and applying waterproof plaster to the outside face, about 2-5-5 cm 
(l"-2") thick and thoroughly finished. The space behind the wall, about 20-30 cm 
(8"—12"), was then backfilled snugly with dry, hard stone not susceptible to frost. 
Thus, the water could not reach the wall at all, for the way was either blocked 
by the finished plaster or the water was intercepted and drained in between the 
stones. It was then collected every 8-20 m (25-60 ft) and directed through laterals 
(leads) into the longitudinal gallery. However, maintenance problems have proved 
this method to be unsatisfactory (cf. Section 72.221). The outside plastering was 
of course by no means a perfect waterproofing and while it did retard and localize 
the development of flaws in the wall, it did not stop them. The steady stream 
of water towards the tunnel, on the other hand, is continually leaching, washing 
and weakening the surrounding ground. In mountainous terrain the amount of 
seepage water is in proportion to the infiltrating portion of precipitation and is 
thus a function of the seasons as well. 4 - 32 b 

The collected water is usually drained through longitudinal subdrains (also 
called drain galleries), which can be located: 

1. under the centreline of the road or of the track, 

2. next to the wall base. 


4.32.S b endel; Ingcnieurgeologie Vol. II. 521 
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In the first alternative the concrete or stone drain gallery is constructed over the 
inverted arch. This arrangement has one drawback: any repair or cleaning pf 
the gallery necessitates the removal of the pavement and therefore interferes 
with continuous operation. In the second alternative the gallery is made part 
of the wall. Although easier to clean, it does weaken a critical section. Any crack 
in the cantilever-type gallery will result in water getting under the wall base, 
softening the supporting ground and eventually leading to settlement, tilting of 
the walls and cracks in the a'rch. This design, then, should be adapted only in the 
case of water resistant soil and rock bases where the above problem would never 
arise (Fig. 4/128). 



Fig. 4/128. Tunnel drainage scheme 


In upgrade headings the water in the gallery may be removed by gravity drainage 
to the portal or to gathering sumps, in which case it will have to be pumped out 
(continually or intermittently). 

In case of a heavy inflow of water the drainage problem becomes more compli¬ 
cated and special drainage adits have to be provided parallel to the tunnel (see 
also Section 72.333). Frequently, under such drastic measures an underground 
pocket which has been tapped will be drained off and exhausted or diminished 
to a trickle; in this case the draining adits become vents drying the tunnel. Such 
adits, however, are seldom designed in advance without a thorough geological 
survey and are used rather as emergency measures to stem a sudden inrush of 







492 


DESIGN OF TUNNEL SECTIONS 


water (Tanna, Mont d’Or, Great Apennine tunnels, etc.) or are constructed 
later to facilitate maintenance. Chapter 7 contains a detailed discussion of this 
(see also Figs 7/13 and 7/25). 

In order to avoid pumping of prohibitive proportions, severe interference with 
traffic and a rapid deterioration of the lining, the ground water should be kept out 
of subways and subaqueous tunnels completely, using the highest grade of water¬ 
proofing. Although the collector drainage system may be dispensed with in this 
case, provision must still be made to drain a certain amount of infiltrating and 
cleaning water. The following information is given here as a guide for estimating 
purposes: 

During the temporary suspension of the construction of the Budapest Subway 
the water seepage amounted to 20-25 l/m 2 /day (1-7-2-0 quarts ft 2 /day) for concrete 
lining (no waterproofing) and 1-3-1-5 l/m 2 /day (0-10-0-12 qt/ft 2 /day) for cast-iron 
lining (first grouting completed); both sections were located inTortonclay and 
were 20-30 m (65-100 ft) below the water table. In another type of clay the 
water seepage amounted to 0-9-3-5 l/m 2 /day (0-1-0-3 qt/ft 2 /day) and in fissured 
chalky clay to 48-5 l/m 2 /day (4-0 qt/ft 2 /day) has been observed. After grouting 
these values were reduced to 2-5 (0-2-0-4), 0-2-0-6 (0-02-0-05),0-02-0-5 (0-002-0-05) 
and 14-8 l/m 2 /day (1-2 qt/ft 2 /day), respectively. Another 50%-80% reduction 
was observed upon completion of the waterproofing of the concrete lining. Inci¬ 
dental water seepage at joints as a result of traffic vibration cannot be avoided 
even with the waterproofing completed. The same applies to condensation water, 
however good the ventilation may be. Still, none of these seepages can be 
predicted or estimated. The drainage system of the Budapest Subway has been 
designed for the amount of water required to clean the inside face of the lining, 
usually done with hoses. This varies between 1-0—1-5 l/m 2 /week f0-08—0-12 
qt/ft 2 /week), according to data compiled with reference to the Moscow Subway. 
In the Budapest Subway the longitudinal gallery is located under the ties which 
are embedded in concrete. Subaqueous highway tunnels can have the gallery 
either under the centre line or under the curbs. Adequate gradients must be pro¬ 
vided in both cases to drain the water into sumps located at the subway stations 
or in the ventilation shafts on the shore, as the case may be (see Figs 6/168 and 
4/138). Draining very long sections by gravity alone would be impractical because 
of the excessive fall in height that would be required. In such cases a number of 
sumps must be located at regular intervals with a series of pumps to lift the water 
at each sump. 

Because of the relatively high silt and dust content of the seeping and rinsing 
water there is a distinct danger of the laterals and the gallery becoming clogged 
through sedimentation, owing to changes in velocity and discharge. All dimensions 
must be established keeping accessibility, cleaning and maintenance in mind. 
Washrooms and sanitary facilities must be provided in all subway stations for 
the employees and for the general public (see also Section 63.342). The sewage 
to be disposed of amounts to approximately 50 1/head (10 gal/head) i.e. about 
1000 1/day (250 gal/day). 
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4.64. PROTECTION AGAINST CORROSION 

In addition to the dangers of water, frost and atmospheric pollution, mentioned 
earlier, the greatest enemy of concrete and steel underground structures is corro¬ 
sion due to water and to soil. The protection against such corrosion has to be 
preventive in nature because the affected areas, i.e. the outside face of the linin g 
in contact with soil and water are practically impossible to inspect after construc¬ 
tion. This is why such protection should obviate the need for maintenance and 
repairs and should serve as waterproofing at the same time. 

46.41. Problems of Corrosion by Soil 

Because this is an ionic corrosion it does ndt depend on the presence of water, 
although the latter will certainly stimulate the exchange of ions caused by electric 
potential difference. Specific electric resistance and electric potential vary with 
the type of soil to start with. Variations in oxygen and water content add to this 
natural difference in the electric potential of soils. Thus, soil corrosion is of natural 
origin and is accelerated or retarded by other factors. It is particularly hard on 
metals, because any metal conductor connecting two materials of different electric 
potentials will initiate an electrolytic process. In the case of iron, for example, 
the loss of an electron and its negative charge will ionize the iron molecules and 
cause them to move over from the anode to the cathode. The chemical reactions 
are: 

at the anode 

Fe + 20H" = Fe(OH) 2 + 2e~, 

at the cathode 

2H a O + 2e- = H 2 + 20H~, 

and the total reaction is 

Fe + 2H 2 0 = Fe(OH) 2 + H 2 . 

The characteristics of corrosive soils are: low carbonic acid content, high 
degree of acidity, good conductivity and high salt and moisture content. Soils 
that are rich in carbonic acid are normally non-corrosive, but the difference in 
their oxygen or air content will stimulate the potential difference as well as cor¬ 
rosivity. (The difference in oxygen content is also referred to as differential venti¬ 
lation.) The oxygen content and porosity of the ground above the pipe or tunnel 
are of particular importance to corrosion. A steel lining, for example, passing 
through soil strata with variable oxygen content, will develop a potential difference 
and thus generate corrosive electric currents just as in a galvanic cell. Disintegra- 


4 33 BAcskay, Gy. : A talaj altal okozott korrozio (Corrosion caused by soil), Men i. Tov 
Kepzo 1955 3436 

Lindsay, M., Applegate, M.; Cathodic Protection. Me Graw Hill, I960., 

Romanoff, M.: Underground Corrosion NBS Circ. No 579 1957. 
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tion of the metal begins at the origin of the current i.e. at the anodic areas (Fig. 
4/129). Vertical shafts are particularly exposed to the danger of differential venti¬ 
lation because the soil near the surface will always have a higher air content than 
deep below, and so corrosion will inevitably develop even if soil conditions are 
uniform in every other respect. Another factor in corrosion is grain size. While 
oxygen supply is low where the tube is in contact with large lumps or boulders, 
the opposite is true where the material is finer and so corrosion pits will develop 
under the lumps. 


Fig. 4/129. Scheme of 

soil corrosion 

Chlorides, sulphates and sulphides increase corrosion as well as the corrosive 
activity of soil bacteria. As is the case with variable oxygen content, any difference 
in the moisture content will also generate potential differences. Oxygen content 
in water will stimulate corrosion. While ‘black rust’ is characteristic of soils with 
high moisture content, ‘red rust’ can be observed where such moisture content 
is low. 

Corrosion is also stimulated by bacteria in the soil (aerobic and anaerobic) 
in more than one way: 

(a) The velocity of the anodic or cathodic reaction is affected. 

(b) Initial resistance of the metal may be impaired by metabolites. 

(c) Corrosive pockets are created in the soil. 

(d) Electrolytic concentrations are formed through growth and prolificacy. 

Sulphate reducing bacteria in particular may accelerate soil corrosion. The 
chemical reaction is 

4Fe + H 2 S0 4 + 2H a O = 3Fe(OH) 2 + FeS. 

Corrosion also depends on the quality of steel or iron. Cast iron, for example, 
is much more resistant to corrosion than is alloy steel. In fact, alloy and iron 
particles can generate potential differences themselves in so far as the first will 
act as cathodes and the latter as anodes. However, the rate and speed of corrosion 
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will depend much more on the type of soil than on the type of alloy. Scale on the 
steel surface could afford some protection provided it forms a continuous and 
uniform cover. Because this is not the case, however, potential differences will 
result between iron and scale at every crack in the latter. Because of the difference 
in electric resistance of the two materials the electric current will be concentrated 
at the relatively small anodic area and will cause severe pitting on the metal. 
(Local potential differences can be observed also in welding when the heat treat¬ 
ment of successive zones is. not uniform.) 

The corrosivity of soils is measured by their resistance (ohm cm) and is divided 
into five groups: 


Croup No. 

Corrosivity 

Resistance 
(ohm cm) 

1 

Low 

^10 000 

2 

Normal 

2 000-10 000 

3 

Aggressive 

1 000- 2 000 

4 

High 

500- 1 000 

5 

Very high 

0- 500 


The following information should give an idea of the pace at which corrosion 
progresses through an iron plate 10 mm thick: 


Group No. 

Corrosivity 

Period of time 
of corrosion 
(years) 

i 

Low 

More than 25 

2 

Normal 

10-25 

3 

Aggressive 

5-10 

4 

High 

3-5 

5 

Very high 

1-2 


The process in soil corrosion is similar to that artificially utilized for electric 
soil stabilization. It is brought about by an exchange of ions, but what is primarily 
aimed at is the source of damage in the latter. 

Protection against soil corrosion can be achieved by the application of miscel¬ 
laneous coatings. Tar is not suitable for this purpose, in fact, it may be detrimental 
(because of its phenol content). Bituminous talcum mix can be used successfully 
if applied over a preliminary ferro-fixol coating. 

Soil corrosion can be boosted greatly by stray currents in the ground.Originating 
from uninsulated conductors such as the rails of street cars or subways (transmitted 
to the ground through the steel tunnel lining) they can be a source of considerable 
potential differences resulting in rapidly progressing soil corrosion. 
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Anodic areas will be created where the current leaves the tunnel lining, develop¬ 
ing heavy corrosion, and cathodic areas will develop at locations <jf re-entry 
(Fig. 4/130). Stray currents can also affect the reinforcing bars in the concrete, 
as reported by a number of authorities. Because of the expansion arising from 
corrosion the reinforcing bars can even cause the concrete cover to spall. In some 
cases, concrete stresses due to such expansions as high as 2500 psi have been 
reported. 
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Fig. 4/130. Electric corrosion due to stray currents 


The corrosive action of stray currents does not depend on oxygen supply, 
moisture content or soil type, and is a function of current intensity only. It varies 
with different metals. 

In one year an intensity of 1 A can disintegrate 

9-128 kg (20 124 lb) Fe + + 

20-770 kg (45 790 lb) Cu ++ 

10-390 kg (22 906 lb) Cu + 

33-866 kg (74 662 lb) Pb+ + 

10-665 kg (23 512 lb) Zn+ + 

40-000 kg (88 185 lb) Mg++’ 

The answer to corrosion by stray currents is cathodic protection. 4 - 34 Artificial 
electrodes are driven into the ground in the vicinity of current leaks. These are 
more anodic than the lining material of the structure to be protected and thus 
transform the latter into a cathode. The electrodes — aluminum, zinc, carbon or 
magnesium - disintegrate in time as they protect the structure. It is surprising 
indeed that these remarkably low potential differences (even unable to ring a 
door bell) are sufficient to protect iron pipes and linings for miles. The electrodes 
can be located far away from the pipeline if connected through a cable. This pro- 

134 Lindsay, M., and Applegate, M.: Cathodic Protection. Me Graw Hill, 1960 
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cedure can be regarded also as counteracting the local effects of galvanic action. 
Fig. 4/131 indicates the reaction taking place in the vicinity of the Mg anode. 
Free H + ions are streaming towards the cathodic iron pipe and cover it with a 
protective coating while the anode is being oxidized. Any local effect due to 
impurities in the pipe will also be checked by this cathodic protection. 


Fig. 4/131. Scheme 

of cathodic protection 
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Special bedding should be provided for long life anodes, consisting of granu¬ 
lated coke, coal and graphite with some alkaline admixture such as lime. The 
alkaline admixtures retard the electrochemical process and are effective in: 

1. reducing the electric resistance between soil and anode; 

2. prolonging the life of the anode by providing relief throughout the electro¬ 
chemical reaction; 

3. increasing the electric capacity without reducing the life of the anode. 

There are other methods of preventive protection against stray currents as well, 
which concentrate on reducing the opportunities for the current to escape, such as: 

(a) butt joints between full sections of adjacent rails i.e. welding (inadequate 
connections are the main causes of stray currents); 

(b) connections between separate sections of steel lining or steel waterproofing 
to prevent current escapes (e.g. connection between two sections with steel 
lining separated by one with concrete lining); 

(c) careful insulation of the rails and complete current return through the 
rails; 


32 Sz£chy: The Art of Tunnelling 
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(d) making the structure cathodic and using corrosion resistant materials for 
anodes; 

(e) T alternating the locations of poles daily in order to reverse the direction of 

the current. 

Soil corrosion may affect concrete linings as well but only if accompanied by 
changes in the groundwater table or by unstable groundwater conditions. Unstable 
groundwater is bound to dissolve the calcium or magnesium sulphates (both are 
detrimental to concrete) that may be present in the ground and deposit the salts 
along the concrete lining. Developing sulphate action and cement bacilli will 
gradually corrode the concrete. This phenomenon is very common in channel 
construction, particularly with fluctuating water levels. Salts will be filtered out 
again and again by the concrete lining at a certain water level and accumulated 
over the years. Rising water will then dissolve the salts and form a highly con¬ 
centrated solution that is detrimental to the concrete. 

46.42. Groundwater Corrosion 

Corrosion by groundwater i.e. the rusting of underground steel structures is 
a phenomenon of ferrohydroxide formation and can affect concrete structures 
as well. Sulphate action, mentioned earlier, can also originate from remote areas 
via seepage flow. Because of its low lime content soft water can be just as danger¬ 
ous for it may dissolve the lime from the concrete, and thereby gradually remove 
its binder. Even heavier damage can be expected if the groundwater is allowed 
to seep through the concrete, either along construction joints or because of exces¬ 
sive porosity. Damage of this nature is not confined to the surface but affects 
the concrete lining throughout. Waters with a pH value of about 6-5-6-7 (i.e. less 
than the neutral pH = 7) already can be detrimental. The best protection possible 
is to make the concrete really solid, using plasticizers and other suitable fillers 
and admixtures. Failing this a complete waterproofing system can still provide 
adequate protection. No water must be allowed to escape under any conditions. 

Decomposition of iron sulphide in clayey soils can cause just as much trouble 
as can soft water. Once exposed to the air, the iron sulphide will form a sulphate 
solution with the seeping groundwater and, thus, will attack the concrete. Excava¬ 
tions in clay materials with iron sulphide content must not be left open for a long 
time but must be lined as soon as possible. Another reason for keeping the exca¬ 
vation open only as long as is absolutely necessary is the fact that exposure to air 
helps to develop sulphate-reducing bacteria and other aggressive micro-organisms. 

4.65. TUNNEL VENTILATION 

There are two types of tunnel ventilation: temporary (during construction) and 
permanent. The latter may be either natural or artificial. 
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46.51. Ventilation During Construction 435 

Because of the low permeability of soils natural ventilation is seldom encount¬ 
ered in underground working areas. Air circulation due to differences in temper¬ 
ature, the passage of haulage trains or pneumatic tools cannot supply fresh air 
through natural ventilation. In addition to the amount of fresh air required for 
the working crew, pollution by explosives, smoke and fumes also has to be taken 
care of by the ventilation as also has any uncomfortable excess heat that may be 
present. 

Air consumption increases with the pace of working and thus becomes 
a matter of economics as well. Good quality fresh air must be supplied in sufficient 
quantities to all working areas and particularly to the working face without inter¬ 
ruptions or breakdowns in order to improve health and working conditions, 
and productivity, and also to increase efficiency. 

As soon as the oxygen content of the air drops below 20% (from the natural 
21%) headache and faintness will develop. Less than 17% oxygen can cause 
unconsciousness after a period of time. (The oxygen content of exhaled air is 17 %.) 

In order to estimate the volume of air required the causes of air pollution and 
consumption must be considered first. These are: 

1. number of men working in each shift 

2. haulage system 

3. type and quantity of explosives 

4. type of operations 

5. geological conditions, gas content arid gas production of the ground. 

Ad 1. For a given minimum of 20% oxygen content a maximum of 0-9% C0 2 

4-0 „ r 

can be tolerated. Because of the 4% C0 2 content of the exhaled air — = 4-5 

times as much fresh air should be supplied as is exhaled. This factor is usually 
increased to 10 to take care of losses and also for better dilution. About 30 1 (qts) 
of air is required for each person per minute under normal conditions. Design 
values, however, average around 2-0 m 3 (2-5 cuyd)/min/person to allow for fumes 
and other pollutions arising from carbide lamps. In long tunnels there are extra 
air requirements for cooling, which can be pro-rated also for each person. A prac¬ 
tical minimum total of 60 m 3 (80 cuyd)/min represents standard air requirements 
for a long tunnel. 

Ad 2. All haulage systems, even cars drawn by horses or humans, will have 
an effect on the air requirements. (Horses require 4 times as much air as do humans.) 
Practically no air is required for electric or pneumatic haulage systems. Diesel 
systems require 2-3 m 3 (1-6 cuyd)/min air for each horsepower according to Rabce- 


435 Richardson and Mayo: Practical Tunnel Driving. Me Graw Hill, 1941 
Zanoskar, W.: Stollen u. Tunnelbau. Springer, Vienna 1964 
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wicz. The CO content of exhaust fumes of combustion engines may reach 3 % 
when working and 7% when idling, particularly with improper mixtures and 
carburettor settings. 

Ad 3. Explosives and their fumes affect air consumption to a large extent. 
Although varying for each type, generally speaking all explosives produce vast 
volumes of fumes, consisting mainly of CO, CO a and NO a . The required venti¬ 
lation is determined in terms of the allowable concentration of the poisonous 
fumes. In the case of CO for example the concentration that is still harmless is 
about 0-02% and the required volume of air, Q, is 


e = 



(m 3 ), 


where A = the weight of explosives in kg 

b — the amount of CO produced per kg of explosive in 1 
t = the time of ventilation in min. 


The value of b is fairly uncertain as it also depends on the excavation and on 
the method of blasting (priming, density of charge); an average value would be 
around 100 1. For example: the explosion of 1 kg dynamite produces 0-6 m 3 of 
fumes, of which 22 %-42 % is CO„, 46 %-28 % is CO, 17 %-25 % is N and 15 %-5 % 
is H. 

The following practical design method can be recommended. It has been 
observed that the area contaminated by the fumes of explosives is less than 
20 m (66 ft) deep within the specified minimum safe interval of 10 minutes 
between successive explosions. (According to Romanov the range of pollution is 
/ = 2-4 A + 10/ m .) It should be more than enough to exchange this volume of 
air five times within the 10 minutes waiting period specified in mining regula¬ 
tions, i.e.: 


Q = 


20 FS 100F 3 , . F 3 

—--= —= lOFm /min = — m /sec 


where F = the cross-sectional area of the tunnel in m 2 . 

An empirical formula has been derived by Andreae from data of the construc¬ 
tion of the Simplon tunnel: 

Q = 0-5 N + 0-104T m 3 /min, 

where N = the number of miners 

A = the weight of explosives in kg detonated per hour. 

Ad 4. and 5. The volume of air required to compensate for the type of opera¬ 
tion and for geological conditions shall be evaluated always on an individual 
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basis, considering the intensity of haulage movements, frequency of blasting, type 
and quantity of natural gas content of the ground, etc. It is well to remember 
that wood fire generates as much as 570 cuyd of CO for each cuyd of wood and 
considerable volumes of CO and H 2 S will develop in the process of decomposition 
of organic matters and rotting timber. (Heavy CO and H 2 S concentrations are 
bound to be encountered when re-opening old drainage adits and abandoned 
headings.) Lubricants in mechanical equipment will also contribute to the exhaust 
fumes under high temperatures of the combustion chambers and increase the CO 
and CH 2 content of the working area. 



Fresh air has to be blown in under pressure if the ventilation is really to be 
effective. The required pressure can be computed from the losses encountered 
in the drift (Fig. 4/132). 

There are three factors contributing to the above losses: friction, increased 
resistance in bends and valves, and the requirements of a constant velocity ( v ) 
that has to be maintained. For circular drifts: 


h~h, + h d +h k = --y 

Xg 


XL 

~D~ 


+ 1 + £ 


; 2 = (L 


026 + 


0028 

y/D 


(4.186) 


where X 

y 

L 

D 

£ 


the coefficient of friction 
the specific weight of air (M255 kg/m 3 ) 
the length of the straight drift section 
the diameter of the drift 

an empirical factor representing the proportional extra length due 
to ali local resistances (bends etc.). 


For a given volume of air Q 



Q 
D 2 7: 
4 


and 


16G 2 

n 2 D 4 


and the pressure drop due to friction 


K 


Xy 


L v 2 
52 J 


16 XyLQ 2 
n 2 2gD 5 
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i.e. it increases as the square of the volume of air to be carried and decreases as 
me fifth power of the drift diameter. 

Example (by Kaposztas). Find the depression h„ at the intake of a pipeline 
L = 300 m long, D = 0-5 m in diameter, for a volume of air Q = 6 m 3 /sec and 
a specified water head of 300 mm at the end of the pipe (A = 0-014 and y = 
= 1-22 kg/m 3 ) 


Q 6-0x4 
T 0-5 2 • n 


L v 2 

= 30 6 m/sec and h = Ay — = 0 014 x 


, „„ 300 30-6 2 

1-22- 

0-5 19-62 


= 471mm 


the head at the intake is 471 + 300 = 771 mm. 

There are three methods of ventilation during construction: 

(a) blowing 

(b) exhaust 

(c) a combination of the two. 

(a) In the blowing method fresh air is forced directly into the working area. 
The foul air drifts back through the full tunnel section, suddenly increasing the 
rate of contamination and only slowly giving way to gradual clearing. On the other 
hand the working face enjoys a positive supply of fresh cooling air resulting in 
improved performance all around. The disadvantage of the method is that the 
foul air and smoke filter back through the full cross-section of the tunnel and there¬ 
fore at lower velocities. Smoke and dust inundate the entire heading and clear 
up rather slowly. As a result, scaffolding and lining operations are impeded by 
foul warm air. 

(b) Just the opposite occurs in the exhaust method. Foul air is drawn out 
through a pipeline and fresh air traverses the entire length of the heading. While 
dust and smoke due to blasting are kept out of the tunnel in general, the exchange 
of air is not as fast and is not as uniformly distributed at the working face as it 
was by the first method. Temporary pipe extensions are required, resulting in 
more loss of air. Fresh air entering at the portal or shaft may absorb heat and 
moisture in its path down the heading and arrives at the working face in a some¬ 
what deteriorated and warmed up condition. For better results a second, auxiliary 
pipe can be installed to supply fresh air directly to the working face. 

(c) One way to combine the blowing and exhaust methods is to use the first 
at the working face and the latter in other working areas. This arrangement is 
particularly feasible in long tunnel sections. 

More advanced modern methods combine the advantages of the first two 
methods and apply the proper system at the proper place and at the proper time. 
In this case the common pipeline will: 
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1. fbrce in fresh air after blasting operations to displace smoke and fumes; 

2. exhaust smoke and foul air at slower velocities to the surface; 

3. blow in fresh air again for a direct and positive supply of fresh air to the 
working face. 

It is very simple to switch over from one action to the other, even the fans can 
be non-reversing; a double pipe connection and appropriate valves are all that 
are required. The diagram of a simple layout is illustrated in Fig. 4/133. 



To (he 
surface 


Fig. 4/133. Diagram for the combination of blowing and exhaust ventilation methods 


46.52. Natural Ventilation 

Taking advantage of natural ventilation is a possibility so important that it 
should be kept in mind as early as the time of deciding on the location of the tunnel. 
For example it is advantageous to lay out the tunnel parallel to prevailing winds, 
to expose the approaches and portals to rather than shelter them from such winds 
and to avoid an alignment with sharp curves and reversing grades. Meteorological 
records should be consulted and preference should be given to locations exposed 
to high winds. 

Natural ventilation obviously makes maintenance easier because of the drying 
effect on condensation water and minor water seepages. These, as we know, 
are both prerequisites for corrosion (particularly if combined with fumes and 
smoke) and will affect road, track, rails, lighting and lining at the same time. 

Natural ventilation is performed partly by winds on the surface and partly by 
differences in outside and inside atmospheric pressures due to differences in tem¬ 
perature and specific gravity. Andreae 436 divides the total pressure differential 
into 3 components: 

h„ = ± h, + h b ± h w , 


4 36 Andreae, Ch.: Problemes du projet et de Vetablissement des grands souterrains rontier 
alpins. Leemann, Zurich 1949 
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where h, = (hydrostatic head in mm) is due to the difference in 

1 H" CCt^ 

temperature 

H = the difference in elevation between the two ends of the tunnel 
y = the specific weight of air (kg/m 3 ) 

?! and t 2 = the ambient inside and outside temperatures in °C, respectively 

a = J73 hb = 13 ' 6/; ( h y drostatic head in mm ) denotes the effect of the 
difference in barometric pressures 

b = the difference of barometric pressures between the two ends of the 
tunnel 

h w = sin 2 </> -j— (hydrostatic head in mm) denotes the wind effect 
w = the wind velocity (m/sec) 

cj) = the angle of inclination of the wind to the centreline of the tunnel. 

With due consideration of friction losses the velocity of the air moving in the 
tunnel becomes 



(4.187) 


where A = the friction coefficient of the lining (0-007 for stone and brick and 
0-006 for smooth linings) 

L = the length of the tunnel in m 

y = the specific weight of air (kg/m 3 ) 

F 

7?- — = the hydraulic radius (F and U being the area and the perimeter, 

of the cross-section, respectively). 


Although natural ventilation may assume considerable proportions it should 
not be relied upon in the design, according to Andreae, because of its intermittent 
nature. However, it may obviate the need for mechanical ventilation in short 
tunnels or tangent sections with non-reversing grades. It should be noted that 
longer one-way than two-way tunnels may be served by natural ventilation; this 
will also depend on the density of traffic and on the type of traction. Tunnels 
carrying electric trains can be efficiently ventilated naturally for miles. Changes 
in the cross-section of the tunnel may also stimulate natural ventilation because 
of the resulting velocity change. 
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According to Kress 4 37 , the maximum length of a highway tunnel without mechanical 
ventilation should not be determined on the basis of natural ventilation. Such maximum 
length should depend on the cross-sectional area (F), the entire volume of the tunnel, the aver¬ 
age running speed (p) (km/hr), the traffic density and the capacity of the tunnel, and the actual 
and maximum allowable CO content of the air in the tunnel. For an average spacing a be¬ 
tween the cars (including braking distance), an allowable CO pollution rate of/and a number 

of vehicles z = 2000— (at any one time within the tunnel), for an exhaust fume volume of 
a . L 

CO of q (1/min. per car) and for each car travelling within the tunnel for a time of t =3600 — (sec) 

the maximum length of the tunnel is 

r fFav 
120 q 

where L is expressed in km, and q in 1. As an example With f — 0*22%, v = 15 km/hr. 
F= 61-77 m 2 , q = 60 1/min and a = 9'9m the above formula of Kress yields L = 0 28 km. 

Natural ventilation has been considered lately but only to a limited extent. 
It has been assumed that mechanical ventilation could be discontinued as long 
as natural wind velocities exceeded a precalculated minimum. This has resulted 
in a certain amount of saving in operational costs. 4 38 


46.53. Mechanical Ventilation 

Generally speaking, mechanical ventilation is warranted for tunnels carrying 
highways, subways and also for railway tunnels if the latter are several miles long 
and are travelled by steam locomotives. The volume of air required depends once 
again on the allowable concentration of air pollution and on the amount of heat, 
to be removed. It is well to remember that the allowable air pollution varies for 
each poisonous gas and is in inverse proportion to the period of time spent in 
such environment, i.e. the allowable concentration increases as the length of time 
decreases (Fig. 4/134). For this reason consideration should be given to service¬ 
men or maintenance crews who would have to stay longer in the tunnel while 
performing their duties than would the travelling public. 

Density of traffic and the type of travelling vehicles will greatly affect air require¬ 
ments. It has happened on more than one occasion that tunnels with natural 
ventilation performing well for years have had to be provided with mechanical 
ventilation later because of an increase in traffic. 

It must be noted that the causes of natural ventilation, such as differences in 
barometric pressure, temperature and wind, may be working against the mechan¬ 
ical ventilation as well. This is why the latter has to be designed not only to supply 
the amount of air required, but also to counteract and overcome the above natural 
factors. 


4,37 Kress, H.: Liiftungsentwurf fiir den Wagenburgtunnel in Stuttgart, Schw. Bztg. 1953 521 
4 38 Barth, Klein and Raab: Eine neuartige Luftungsanlage in Lammerbuckeltunnel, 
Bauing. Dec. 1958 
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Fig. 4/134. Danger ratings of 
prolonged stay 
in CO polluted 
atmosphere 


Air suction behind moving vehicles should also be considered in the design. 

Because of the vast amounts of air in question air conditioning, heating, cooling 
or conditioning of any other type would be absolutely impractical. 

46.531. Mechanical ventilation of highway tunnels. Large scale experiments 
have been conducted in the mining experimental station in Pittsburgh regarding 
the chemical composition of exhaust fumes in connection with the construction 
of the Holland tunnel in New York. Similar experiments have been carried out 
at Yale University dealing with physiological aspects and with the rate of dilution 
employed as a countermeasure. Power requirements and practical ventilation 
systems have been studied at Chicago University at the same time. While sub¬ 
stantial amounts of CO have been observed in the exhaust fumes of gasoline 
engines, the CO content in diesel exhaust fumes has been insignificant. (Recent 
studies indicate, however, that the latter do contain acrolein, a gas also highly 
detrimental to health.) The CO content in gasoline exhaust fumes is a function 
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of fuel consumption and also depends on whether the vehicle travels downhill, 
uphill or on the level and whether the carburettor had been set properly, a factor 
reflected in the rate of combustion. 

Table 4/X1V indicates ihe volume of CO discharged in 1/min a). The same is 
related to 1 m of tunnel in line c). Both uphill and downhill gradients are taken as 
3-5 %. Similar data are given under b) for 5-0 % gradients, developed by Kress for 


Table 4/XIV 

Volume of CO Content in Exhaust Fumes ( IjmiA ) 


Speed 

Average size 
passenger cars and 
lighting 

Trucks 2t average 
and lighting 

Trucks 2t to 5t and 
lighting 

Trucks over 5t and 
lighting 

(km/hr) 

Up- 

Down- 

Hori- 

Up- 

Down- 

Hori- 

Up- 

Down- 

Hori- 

Up- 

Down- 

Hori- 


hill 

hill 

zontal 

hill 

hill 

zontal 

hill 

hill 

zontal 

hill 

hill 

zontal 

a ) 













16 

40 

18-3 

29 

40-6 


31-6 

800 

38-0 

62-3 

85-6 


71-6 

24 

56 

27 

41 

520 

26-3 

400 

83-d 

44-7 

56-4 


42-5 

540 

Starting 

52 


46-5 

26-4 


21-0 

970 


480 




Idling 


21 

% 


19-4 



24-6 



23-8 


Driving 


39-5 



32-0 



610 



49-6 


b) 

_ 


H 










5 km 

35 

15-20 


29 

15 


53-5 

25 


65 

33 


15 km 

43 

10 8 


40 

12 


74-0 

34 


90 

45 


20 km 

51-5 

14-35 











Starting 

55-6 



32-70 



60-5 



400 



c) 













16 km 

0-150 

0067 

0-108 

0150 

0071 

0-120 

0-300 

0142 

0-225 

0-322 

0150 

0-26S 

24 km 

0150 

0067 

0-100 

0-125 

0065 

0100 

0-200 

0-115 

0140 

— 

0 045 

0-135 


the ventilation design of the Wagenburg tunnel in Stuttgart. It can be noted that 
an increase in upgrade from 3%-5% increases CO production by 13%. Table 
4/XV (by Schlaepper, Zurich) indicates that carburettor setting has an even 
greater effect on CO production. A design CO volume of 60 1/min per car is used 
in American practice rather than the 32-8 1/min assumed by Kress. 

Health authorities report that CO contents less than 0-04% do not affect 
human beings. An allowable limit, however, should be set at 0-020 %-0-025 % 
to avoid problems arising from impaired visibility. As mentioned earlier, CO 
contents in diesel exhaust fumes are much lower because of surplus air facilitating 
complete combustion in the cylinders. Because of the acrolein content, however, 
mechanical ventilation will still be required to avoid impaired visibility. 
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Volume of CO per Vehicle (for 1 tin. m of road) 



Passenger cars with gas 
consumption of 

15 1/100 km 

Trucks 

Carburettor setting 

30 1/100 km 

501/100 km 


Gas 

consumption 

Good 

0 023 

0 046 


0-077 

Fair 

0060 

0120 


0-200 

Poor 

0096 

0192 


0-312 


Ventilation systems have to be designed for maximum CO pollution conditions, 
i.a. for cars travelling at the closest spacing and at the lowest speeds. 4-39 Although 
air cooling is also important in highway tunnels, it should be only a secondary 
consideration because it requires less air than the amount required for freshening 
the air through dilution. For this reason it is not usually a governing factor in 
ventilation designs (see also Section 46.532). 

According to Kress each traffic lane can carry 


1000F _ 3600F 

~~a “ ai + O-Sn + O-lfibi; 2 ’ 


where C = 

V and v = 
a = 
a x = 


the number of cars per hour (disregarding delays caused by possible 
intersections at tunnel entrances) 

the average running speed in km/hr and in m/sec, respectively 
the spacing of cars (m) 
the average car length (m). 


The total number of cars travelling within the tunnel at any one time is 


„ L L 

z = 2c— = 2000 — 
V a 


The amount of exhaust CO is CO— — 0-0001 qz (m 3 /sec) and the volume of fresh 


air required is Q 


CO 1000 0 01667 qz , 3 


/ 


/ 


(m 3 /sec). A complete exchange of air 


3-6 e . 

is required n = ——— times per hour. 


Lf 


l as note: Due to a traffic congestion in the Liberty tunnel, Pittsburgh, cars were lined up 
throughout the entire tunnel. Natural ventilation proved inadequate to keep the air pollution 
down, some people fainted, others panicked. Mechanical ventilation was installed shortly 
after the incident. 
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The volume of acrolein gas (mainly in diesel exhaust fumes) is 

G = 155 w (k8/h) 

where B = the fuel consumption per hour (kg/hr) 

A = the percentage acrolein content of the exhaust fumes (0T3-0-15). 4 40 

The allowable rate of air pollution is 2 mg/m 3 (20 mg/m 3 for CO). According 
to Guerin, 10 minutes spent in a polluted atmosphere (to the extent of 11 mg/m 3 ) 
may be fatal. 4 41 

Permanent ventilation methods may be classified as 

(a) longitudinal 
Os) lateral 
(c) combined. 

(a) Longitudinal ventilation systems make use of the entire tunnel section itself 
as an oversize vent pipe between entrances or ventilation shafts: the air traverses 
the tunnel in a longitudinal direction. Because there are no special vent pipes 
required this method has the advantage of low installation costs. 



Fig. 4/135. Scheme for tunnels with several ventilation sections 


There are many ways in which the air can be kept moving. In the most common 
arrangement a number of ventilation shafts are provided (the number depending 
on the length of the tunnel) through which the air can be either forced in or drawn 
out by fans. In the case of more than one shaft the exhaust and blowing shafts 
are spaced alternately (Fig. 4/135). A uniform distribution of the air can be effected 
by a proper layout of the shafts. 

No matter how carefully the shafts have been laid out, this method has the 
disadvantage of interruptions in ventilation due to adverse atmospheric conditions 
(wind from the wrong direction, etc.). 

110 Utasitdsok gardzsok futcsenek es szellozesenek tervezesere (Design directives for the 
ventilation and heating of garages), tp. Gep. Dok. 1954 

4,41 Guerin, H.: Traite de manipulation et d'analyse des gaz. Paris 1952 
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As an alternative, ventilation plant may be located at one or both ends of the 
tunnel (Simplon). As long as traffic is light, the intermediate ventilating shafts 
- sometimes very deep - can be dispensed with. 

A gate has to be provided at the portal where the ventilation plant is located, 
so that the air, just forced in, cannot escape through the portal in the direction 
of lesser resistance, i.e. into the open. With ventilation plants at both ends, gates 
should be provided at both portals. Air can then leave the tunnel only through 
a shaft in the centre. The gates have to be opened to approaching traffic either 
manually or automatically. 

One of the widely used longitudinal ventilation systems is that of Saccardo, 
based on a vacuum effect. Part of the fresh air (about 25 %—40%) is forced into 
the tunnel at high speeds (15 m—25 m/sec) and at an angle of approximately 15°, 
by fans located near the portal (Fig. 4/136). The vacuum created by the high speed 
draws in the fresh air through the entire tunnel cross-section. 



Fig. 4/136. Diagram of the 

Saccardo ventilation system 


The Sanger ventilation system works on a similar principle and is mostly used 
in long tunnels where friction losses are too high to overcome with a ventilation 
plant located at one end only. A number of intermediate fans are installed at 
suitable intervals, designed to draw the air from the preceding tunnel sections 
and to force it back into the tunnel in a forward direction at high speeds and at 
a slight angle thus giving a boost to the longitudinal draft. 

This system can be particularly recommended in cases where the cost of con¬ 
structing intermediate ventilation shafts would be prohibitive. 

The main disadvantage of longitudinal ventilation systems is the fact that 
conflicts may develop between mechanically forced air on the one hand and 
natural ventilation and air pressures built up by moving traffic on the other. This 
will reduce ventilation efficiency and call for additional power requirements. 
Meanwhile the traffic itself will face higher air resistances and suffer losses in 
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power. This drawback applies particularly to long tunnels where air has to be 
forced in at high velocities at the entrance in order to get through the entire 
tunnel. This is another reason for dividing long tunnels into sections. In this 
arrangement fresh air is forced in* and foul air drawn out through double barrel 
vertical shafts, situated in the centre of each section. In another alternative, 
taking advantage of natural ventilation rather than opposing it, the fans are 
installed at both terminals of the tunnel and only one group is operated at a time 
- that working with the prevailing wind. 4 42 



Longitudinal ventilation systems are used in almost all railway and subway 
tunnels, but are hardly ever used by themselves in highway tunnels. The disadvan¬ 
tages cannot be eliminated wherever there is two-way traffic. 

(b) In lateral ventilation systems the air is forced to move transversely. Fans 
blow in the fresh air at the bottom and exhaust foul air at the top (Fig. 4/137). 
The tunnel is divided into sections, each of which is served by a number of blower 
and exhaust openings. The fresh air is forced into each section from a separate 
vent tube (Fig. 4/138) and the foul air is drawn-out from the same sections through 
conduits leading to the surface. Because foul air is lighter than fresh air, the 
exhaust openings and conduits are to be located at the top and the blower openings 
and vent tubes are to be located at the bottom. This arrangement is also good 
from the point of view of visibility: a top-to-bottom ventilation system would 
impair the visibility in the lower half of the section, i.e. exactly where it is most 
important. In highway tunnels it is best to locate the blower openings at curb 
level (with no pedestrian traffic) or just above head level if there are pedestrians 
Exhaust openings should be located near the ceiling at a uniform spacing 15 x 90 cm 
or 15 x 180 cm (6" by 3 ft or 6" by 6 ft) openings at 3-0—6-0 (10 to 20 ft) intervals. 


112 Barth, Klein and Raab: Eine neuartige Liiftungsanlage im Lanimerbuckeltunue!, 
Bauing. Dec. 1958 
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Fic. 4/138 Ventilation sections in a subaqueous highway tunnel with ventilation towers 
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While lateral ventilation is certainly more expensive than the longitudinal one 
it is the best alternative for long tunnels with high ventilation requirements. It does 
not interfere with traffic, which is most important, and removes foul air in the 
shortest possible way. This was manifested in the case of a truck carrying chem¬ 
icals (CS 2 ) and which caught fire in the middle of a tunnel. The ventilation 
system successfully kept exhausting the fumes until the arrival of the fire engines, 
and thus averted disaster. 

Both ventilation systems take in and remove the air through ventilation shafts 
and towers. These shall be spaced as closely as practical in order to make the 
ventilation sections short and keep energy losses down. For short tunnels it is 
sufficient to locate them at the entrance and at the exit portals (see Figs 4/135 
and 4/138); for long tunnels, however, intermediate shafts will also be required. 
It has been found that in some tunnels - served by longitudinal ventilation - foul 
air escaped the intermediate shafts and kept moving towards the portals. In 
subaqueous tunnels - where intermediate ventilation shafts may be too expensive - 
the ventilation towers are located right on the banks and the approaches are served 
by additional towers (Fig. 4/138). 

Urban underpasses located in congested areas and carrying heavy traffic may 
also be ventilated by small fan units if these are properly spaced. In this case 
intermediate shafts can be dispensed with. The Avenue Louise underpass in 
Brussels, 330 m (1100 ft) long, has 17 fans on one side (2 HP and 21 000 m 3 
[27 000 cuyd]/hr each) drawing air from the street level. Small exhaust fans along 
the other side remove the foul air - at springing level - out into the street (Fig 
4/139). 

(c) In semi-lateral layouts the fresh air is supplied as in fully lateral systems, 
but the foul air is removed through ventilation shafts rather than special vent 
tubes. While not as perfect as fully lateral arrangements, semi-lateral systems may 



Fig. 4/139. Lateral ventilation with independent fan units 


33 Sz6chy: The Art of Tunnelling 
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be considered in oval and horseshoe sections that are fairly deep. Fumes may then 
be allowed to gather in the top regions and filter towards the ends or ventilation 
shafts without too much trouble. 

The following losses should be taken into account when calculating power 
requirements for lateral ventilation systems: 

(a) blowing 

1. losses due to intake filters; 

2. losses in vent tubes, curved sections and bends; 

3. losses due to air escaping back to the street through the openings. 


(b) exhaust 

1. losses due to foul air passing through openings at the top; 

2. losses encountered in exhaust ducts, curved sections and bends; 

3. losses suffered while passing through fans and exhaust stacks. 


The drop in the pressure head, resulting in zero velocity at the end of a duct, is given by 
Andreae as (cf. Fig. 4/132): 


K 


■yvl AT. yw 2 
6gR + 2g 


1 + 



(4.188) 


where and w = the velocities at the intake and at the exhaust to the street, respectively 

y = the specific gravity of air x 

L = the length of the vent tube 

L 0 = the length of the intake openings 

F F ... 

R = — and R„ = —— = the hydraulic radii for went tube and intake openings, 


respectively 

A = the coefficient of friction between the air and the vent tube: A = 0 - 006. 


The exhaust velocity can be determined from 



where q — the volume of discharged air 

/ = the area of the exhaust openings 
k = the factor of contraction (0-63) 
c = the velocity factor (0'97). 

In a somewhat more complicated formula by O. Singstad the pressure head required to 
blow the air over a distance x measured from the intake is: 


h 


CX 



-yd ~k)z 2 



where z 


L — x 


the relative distance 


(4.189) 


a = 00035 
b = 00001236 

k — 0 615 = the contraction factor. 
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1 he pressure head required for the exhaust (by Andreae) is 


'--£(■ 




(4.190) 


Note that the factor 136 in the first member has been increased from the previous l'OO 
because exhaust systems are less efficient than blowing fans. 

Similarly (according to O. Singstad) : 




(3 + c) R 2 + c 


2gR 3 (1 + c) 


+ ^- 0 - 87 , 
2 9 


where the c velocity factor represents an air volume of O'3 m 3 /sec/m. 

Losses have to be calculated separately for each section and then summarized for the total 
pressure head required. Additional pressure heads keep the air moving in the vent tubes: 


( 1 + nr)' 


where H = the length of the shaft. 

The next pressure head is to include the effect of the temperature difference between the 
top and bottom of the shaft and can be positive or negative, depending on the season: 


h, = ± yH 


a (?i ~ tj) 

1 + Otfj 


(4.191) 


For two way ventilation the velocity w shall be doubled. The total pressure head thus 
becomes: 

h = h c + h s + 2 (h a + h,) + h d , 

where h d = the dynamic pressure head required for the end velocity at the ducts: 


, »* + »l 

h, - Tg - y. 


The required output of the fans is: 

Qh 

N = (HP), 

0'75jj 

where rj may be taken as 0'6. 

Pressure heads are simpler to calculate for longitudinal ventilation because the only losses 
to be considered are those due to friction, curved sections and dynamic losses in velocity. 
As in the case of the ventilation of headings during construction: 


yv 2 l XL \ yw 2 ( HX \ 

* = A, + A. + /., = ^(i + — +«) + Vl , + -ir) 


+ yH -( 4192 > 

1 + octi 


where and f 2 = the ambient air temperatures at shaft top and bottom, respectively. 


46.532. Special considerations on ventilation of subway tunnels. While ventilation 
requirements for highway tunnels are governed by the allowable CO content 
and railway tunnels have to be ventilated because of fumes and temperature 
considerations, the ventilation of subway tunnels is required because of dust 
and humidity control as well as temperature considerations. Also, while highway 
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tunnels are ventilated laterally, railway and subway tunnels use longitudinal 
ventilation in most cases. There is also a difference in the extent to which passen¬ 
gers are exposed to the atmosphere of the tunnel. In highway tunnels there is 
direct contact throughout the entire length but there is hardly any such contact 
in railway tunnels. In subway tunnels the exposure is limited to that at the stations. 

The ventilation of subways is provided by two systems : 4 - 43 

Air supply to a triple section station 



From !bn 


Bottom vent duct 


5 ^Oi 




1 Ventilation chamber 


Typical section 


5 2. Mu fFler chamber 


3. Shaft 

4 Values and gates 

5. Deflectors 

6. Head of ventilation 
shaft 

7. Intake grid 


Fig. 4/140. Ventilation scheme for subways 


Primary ventilation looks after the tunnel line, stations, cars, removal of such 
excess heat as may be present because of motors, passengers and lighting, removal 
of excess humidity due to ground water and passenger traffic, fresh air supply 
to the passengers and dust control. 

Secondary ventilation, on the other hand, serves all the underground power 
plants and utility rooms. 

Longitudinal primary ventilation works through ventilation shafts (Fig. 4/140). 
As a general rule there should be one shaft for each station and another one 

4-43 Emho, L.: Varosi alagutak szellozese (Ventilation of urban tunnels), Mern. Tov. Kepzo 
1953 2ISO 

Garms: Handbuch der Heizung- u. Liiftungstechnik 

Arbuzov, G. V.: Ventilaciya tonnelei Metropolitenov (Ventilation of subway tunnels), 
Moscow 1950 

Improved Ventilation of London Tube Railways, Engineering .1953 Dec. 713 
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between consecutive stations. Air is forced in, and drawn out, by axially set up 
fans through the ventilation shafts and through the adjoining vent tubes. 

The direction of ventilation can be reversed with the seasons of the year. 
Passengers are exposed to ventilation in the entrance halls, escalators and plat¬ 
forms. In summer, people entering the subway have an avidity for fresh air 
and this should be supplied directly through the ventilation shafts right at the 
station. From there the air will flow towards and cool the shafts located half way 
between the stations. The direction of flow is reversed in winter: cold air is 
forced into the tunnel first and by the time it reaches the stations and the passen¬ 
gers, it has been warmed up. From here the air is exhausted through ventilation 
shafts located at the stations. In order to have more flexibility in meeting the chang¬ 
ing ventilation requirements, it is customary to provide axial fans in groups of 
two. The fans are installed in the adjoining horizontal vent tubes rather than 
in the vertical shafts themselves (Fig. 4/140). 

The amount of air required for the ventilation of rapid transit systems is pri¬ 
marily governed by heat considerations. Heat is generated and accumulated in 
direct proportion to the density of traffic. Mechanical ventilation thus becomes 
a necessity in all cases where heat is generated at a higher rate than can be absorbed 
by the walls through conductivity. The amount of heat transmitted to the ground 
by the walls is limited and may be expressed approximately as follows: 


Qi = F(t a ~ t,) k, 


(4.193) 


where F = the surface area of the tunnel lining in contact with the ground 
t a and t, — the temperatures of tunnel and soil, respectively (in °C) 

k — the coefficient of heat conductivity (about 1*2—1-5 cal/m 2 /hr/°C) 


Because of the low heat conductivity of the ground the absorption of heat by 
the tunnel lining cannot be relied upon. The ground cannot maintain dispersion 
of the heat that is constantly being generated and heat storage areas will develop 
around the tunnel with alternating flows of heat: “charging” in warm weather 
and “discharging” during cold periods (e.g. cycles of day and night, summer and 
winter). 

For this reason most of the heat has to be removed by mechanical ventilation, 
which is required anyway for health reasons. The type of longitudinal ventilation 
brought about by the moving trains pushing the air like pistons in cylinders is 
used only as an auxiliary today, because the pressure afforded by the trains is 
inadequate to get the foul air out to the surface. 

For a modern subway tunnel with heat being generated at the rate of 688 000 cal 
by trains (800 kW) plus 120 000 cal by passengers (48 000 persons/hr), the total 
amount of heat to be removed is about 1 million cal/km/hr. Assuming 10 °C 
or 20 °C difference in temperature (inside vs. outside) and 1 m 3 air removing 0-3 
cal, the total volume of air required to ventilate the above tunnel amounts to 
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333 000 or 167 000 m s /hr, respectively. 4 44 Amounts of heat to be disposed of are 
given in Table 4/XVI (Emho). 

Ventilation systems designed to remove excess heat are generally adequate to 
provide for sanitation and dust control as well. 445 


The Amount of Heat Generated in Urban Tunnels (per km) 


Table 4/XVI 




Body 

heat 

(cal) 

Output 
of ve¬ 
hicles 

Heat due to auxiliary plant 

Total heat 
per hr 
(cal) 

Description 

Traffic 

density 

Traction 

(cal) 

1 

Output 

I (kW) 

Gen. 

heat 

(cal) 

Highway traffic, 
low volumes 

20 vehicles 
simultane¬ 
ously 

— 

200 HP 

126 400 

5 

(light¬ 

ing) 

4 300 

131 000 

Highway traffic, 
high volumes, 

4 lanes 

200 vehicles 

simultane¬ 

ously 


2000 HP 

1 264 000 

30 

(light¬ 

ing) 

25 800 

1 290 000 

Old subway, 

shallow 

alignment 

9600 

passengers 
per hour 

30 000 

200 kW 

172 000 

14 

12 000 

214 000 

Modern subway, 
deep 

alignment 

38 000 
passengers 
per hour 

120 000 

800 kW 

688 000 

210 

180 000 

988 000 


Ventilation shafts and adits used during construction can be made part of the 
final ventilation system, as shown diagrammatically in Fig. 4/140. The air can 
flow through lateral vent tubes under the tunnel and through longitudinal ones 
formed in the voids under the platforms to reach the station through pipes rising 
inside the columns. In a reversed action the foul air can be exhausted in the same 
manner. The distribution of air from shafts between stations requires less elaborate 
facilities and can be effected through simple lateral galleries. 


4 ' 44 Arbuzov, G. V.: Ventilaciya tonnelei Metropolitenov (Ventilation of subway tunnels), 
Moscow 1950 

4 -i5 note: For a good example of ventilation design see: Dandurov, M. I.: Tonneli 
(Tunnels) Gos. Transp. Zheleznodorozhnoe Izd., Moscow 1952 
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4.66. LIGHTING, AND NOISE CONTROL IN TUNNELS 


\ Interior illumination 


Outside -« —In tunne/\g00 


ISO 

Distance On) 


SO000 lux 


46.61. Lighting 

Tunnel lighting, requirements vary greatly and depend on whether the lighting 
is provided for maintenance purposes only or for operational safety as well. 
Listed in increasing order of importance: lighting in railway tunnels may be 
limited to directional lights; navigational tunnels and those with utility lines have 
to be illuminated to facilitate maintenance and access; lighting in highway tunnels 
shall be consistent with traffic re¬ 
quirements and, finally, underground t 

stations, workshops and storage * !§ 5000 

areas shall be illuminated as required 
for regular working conditions. 3§! \ 

Maximum illumination in the last If 5 | \ interior illumination 

case varies between 1000 and 1500 lux, s ’ \ 

and in highway tunnels from 500 to _ , — 

150 lux. Because of the absence of o so too 

glare, indirect lighting is preferable ■§ 

in both cases, but particularly so in 
highway tunnels. 90000 lux 

Great contrasts in illumination at 6000 

tunnel entrances and exits (in day- ^ sooo v Adjustable shades 
light) must be balanced gradually. ^4000 ^— 

Daylight illumination is equivalent § gggg \ 

to 90 000-100 000 lux, which is 1 \ 

almost impossible and certainly I 1 

impractical to simulate because of ~ Tunnel V 

prohibitive costs. 448 A number of - 1 —— 1 ^ iso 

experiments have been conducted ... Distance On) 

to establish transitions that are still js 

comfortable for the driver’s eyes Fig. 4/141. How to reduce 

(Fig. 4/141). There are two methods illumination intensity at highway 

to achieve such transitions. In one tunnel entrances 

method the funnel-shaped entrance 

allows daylight to get into the tunnel as far as possible. (For example, an outward 
expanding parabolic hyperboloid shell roof, opening up toward the outside, has 
been added to the new highway tunnel in Le Havre. 4 ' 482 In the second.method, 
exactly contrary to the first, the daylight is kept out by means of adjustable shades. 
This method was adapted in the case of a wide, 350 m (1150 ft) long subway 


Adjustable shades 


1000 ■ 

Outside — — Tunnel 


150 

Distance On) 


Fig. 4/141. How to reduce 

illumination intensity at highway 
tunnel entrances 


116 Travaux Febr. 1960 8—82 
, Jfia Le Monde Souterrain April 1960 62 
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along the road leading to the new Orly Airport, 4 47 The 90 000 lux of daylight il¬ 
lumination has oeen reduced in steps to 500 lux at the entrance and then further 
reduced by 20% over a distance of 40 m (130 ft) and b.y an additional 90% over 
another 10 m (33 ft). 

Because lighting is indispensable in all underground areas, emergency lighting 
must be provided in the subways and in the workshops. (Corrosion of lighting 
cables has posed serious maintenance problems in old railway tunnels.) 

A discussion of lighting details is not given here as this would exceed the scope 
of this work. 


46.62. Noise Control 

The need for noise control is a recent development and is limited at present 
to highway tunnels with heavy vehicular as well as bicycle and pedestrian traffic. 
Observations made in France 418 have indicated considerable discomfort for 
pedestrians and maintenance crew whenever the noise level, due to continuous 
traffic and reverberation, has exceeded 100-105 decibels. In order to diminish 
the noise, a number of special resonators have been installed. The effect of the 
latter cannot be expressed numerically, however, because it was not the intensity 
but the nature of the noise that was changed. This was achieved through sound 
fractioning and through the elimination of reverberation, resulting in a type of 
noise similar to that present on a street with tall buildings on either side. 

The resonators employed consisted of 20x30 cm (8"xl2") plastic boxes, 
10 cm (4 ) high, with 2 cm (3/4") dia. spouts at the bottom and were mounted 
on aluminum ribs installed in the ceiling. 60 000 boxes have been installed in 
a subway 350 m (1150 ft) long. In addition to eliminating reverberation and chang¬ 
ing the nature of noises the resonators also have cut down noise intensity bv 
4%-14%. 


4.67. ANCILLARY WORKS 

Installations required for the operation, ventilation, drainage and lighting of 
tunnels have been dealt with earlier under the appropriate headings and will be 
discussed further in connection with subway stations (see Section 63.34). In this 
article the discussion will be limited to portals (to be provided at tunnel entrances 
and exits) and to niches. 


117 La traversee routiere de l’aeroport d’Orly, Travaux Febr. 1960 91 
148 Travaux Febr. 1960 80 
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46.71. Safety Recesses 

Refuge niches or recesses in the tunnel lining have to be provided for the safety 
of maintenance crews. Staggered .along the two walls, they should be spaced not 
more than 50 m (150 ft) apart in railway tunnels. They can be constructed also 
in combination with drainage laterals, in which case additional space has to be 
provided for collector sumps. Covered by underpitch vaults the recesses are about 
1-90-2-25 m (6'-3" to 7'-6") high, 2-0-2-5 m (6'-6" to 8'-2") wide and 1-0 m 
(3'-3'') deep (Fig. 4/142) and may be left unlined if carved into solid rock. 

Utility rooms, spaced about every 1-0-2-0 km (about every mile), are also to be 
provided in long tunnels for the storage of materials and equipment as well as 
for the convenience of the maintenance crew. These rooms are about 3-0-4-0 m 
(10-13 ft) wide, 2-8-3-0 m (9-10 ft) high and 3-0-8-0 m (1-026 ft) deep and are 
equipped with a telephone. In most cases the entrances are whitewashed so they 
can be seen more easily in the dark. 



Fig. 4/142. Recesses and utility rooms 


46.72. Portals 

More important and with a structural function to perform are the portals. 
Their functions are: 

1. To protect and support the adits, exits and approaches under masses of 
earth; 

2. To keep out and drain surface water running down the front slope; 
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3. To emphasize the structural significance of the tunnel through architectural 
features. 

From a structural point of view portals may be divided into the following 
categories: 

(a) In solid rock there may be no need for a portal facade at all and the tunnel 
lining may be extended and left exposed at the approaches. 

(b) If there is any danger of rolling rock or surface water seepage then a facade 
wall has to be provided around the entire opening (Fig. 4/143). 
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Fig. 4/143. Tunnel portal 



ANCILLARY WORKS 


523 


(c) If there is earth pressure to be expected from the front slope then the 
portals have to be designed as retaining walls. Any retaining walls lining 
the approach cuts can be considered as counterforts supporting the portal 
(Fig. 2/32). 

Surface water running down the front slope should be intercepted behind the 
portal and drained so as to eliminate any seepage into the tunnel. 

Because of differential loads, potential settlement (soaking of the base) and 
forward tilting (shifting pressures) it is advisable to separate the portal from the 
tunnel lining by an expansion joint. 
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CHAPTER 5 


TUNNEL SURVEYING 


Tunnel surveying is one of the most difficult chapters in engineering geodesy 
and differs from surveying on the surface in many respects. The problem is one 
of achieving a high degree of accuracy while measuring in underground areas, 
impeded by construction work, impaired visibility and limited access conditions. 

A high degree of accuracy is necessary because the layout of tunnels is always 
based on the least favourable geometric configuration of the open traverse orien¬ 
tated at one end. 

Measuring becomes even more difficult if the azimuths have to be carried 
through air locks into the area under pressure. Another problem with low lying 
tunnels is the fact that the azimuth has to be dropped down shafts that are 30-40 m 
(100-130 ft) deep, with optical plumbs, or with mechanical plumb fines and thus 
even the ‘fixed’ points will be moving, at least for a period of time. 

Marking of tha stations is also different from that on the surface, as this is 
done overhead. The transit thus has to be centred below rather than above the 
stations. 

All these factors have an adverse effect on the closing error and requiso the 
surface triangulation, serving as a basis for the tunnel layout, to be all the more 
accurate. 


5.1. SURVEYING FROM PORTALS 

5.11. HORIZONTAL LAYOUT 

Tunnels starting from the surface can be laid out directly from monuments of 
the surface triangulation system. 

51.11. Layout of Short Tunnels 

In most simple cases short tunnels can be laid out similarly to straight fines 
between two points that are not intervisible, as illustrated in Fig. 5/1. 

Consider the tunnel starting at K and ending at V, which are also the two points 
to be established in line with A and B. In the first step two poles, both visible 
from A as well as B, are tentatively located. Point 3 is then fined up from B with 
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Fig. 5/1. Layout of short tunnels by successive approximations 


1 



A K V £ 

Fig. 5/2. Layout of short tunnels by successive approximations and with an auxiliary range pole 



Fig. 5/3. Layout of short tunnels by angular measurement 


Bo and then point 4 is lined up from A with A 3 . Once the two poles on the hill 
are in line both from A and B, the line has been established. 

If the two poles cannot be located so as to be visible from both A and B, a third 
pole has to be placed between them so as to be visible from A and B. In this case 
(Fig. 5/2) pole No. 1 is located to be visible from A and B and poles 2 and 3 are 
lined up with A 1 and B x , respectively. Pole 1 is now lined up with 2 and 3 and the 
procedure repeated as before until all poles are in line. Finally K and V are lined 
up with A x and B u respectively. Permanent markers shall be placed at A, B, K 
and V so as to be readily accessible throughout the construction. 

The above layout can also be obtained with chaining and angular rotation. 
Once again points K and V (Fig. 5/3) have to be lined up with the base line as 
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defined by A and B. Having chained distances a and b (Fig. 5/3) and having meas 
ured the angle e, distance s can be calculated from 

ab 


which, being an approximate formula, is valid only for (a + b) s AB and 
sm £ = fi. By repeating this procedure point P can be located exactly. Because 
of the chaining involved this method is more cumbersome than the two previous 
ones. Chaining can be avoided by measuring the distance optically. 

51.12. Layout of Long Tunnels 

Tunnels several miles long can be laid out by the above methods except that 
transits have to be used in all line-ups. 

The layout of long tunnels can be tied into existing triangulation networks 
of national surveys, or can be based on special systems developed for the particular 
tunnel or on an independent traverse. 

51.121. Layout of long tunnels from existing triangulation networks of national 
surveys. Let K and V denote two known points of the centre line of the tunnel 
on the ground (Fig. 5/4). The directions KV and VK have to be established at K 
and V, respectively. 



Fig. 5/4. Layout of the tunnel centre line on the ground between two points 


First, the coordinates of Land K have to be established in the national coordinate 
system, based on points A, B, C, D and £, F, G, H using the method of inter¬ 
section. The angles are to be measured in two positions of the horizontal circle. 
Either (a) azimuths, or (b) internal angles may be used in the procedure. 
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(a) In the method using azimuths the bearings to K and V have to be deter¬ 
mined with reference to A, B, C, D and E, F, G, H, respectively. This can be done 
as follows: Setting up the instrument at A the telescope is pointed toward at least 
two known points (5, Q ) and to point K. Let <5^ and 5 AQ denote the bearings, 
which can be calculated also from the coordinates of A, S and Q: 

&AS = tan ' Y * and S AQ = tan 

*S* A ~~ X A 

and let l AS , l AQ and l AK denote the readings referring to points S, Q and K, 
respectively. The angles of orientation. z AS and z AQ can be calculated from 

_ lAS ~ Z AS anc * ^AO ~ IaQ = Z AQ 

and their mean value is 

_ Z AS + : AQ 


The bearing of the line AK is then 

&ak = Iak + z a ■ 

The other bearings can he 'derived in a similar manner for K and V from the other 
fixed points. Using more than two points or measuring the angles at K as well 
as at V will result in redundant measurements, that can be used to adjust the 
coordinates, and so will improve their reliability. 

(b) Internal angles may be used where a lesser degree of accuracy is satis¬ 
factory. In this method only two points are used, forming a triangle with the point 
to be determined, and the angles of this triangle are measured only at the two 
reference points. (Angle /? at B and y at C, see Fig. 5/4.) Distance BC can be cal¬ 
culated from the coordinates and the other sides of triangle BCK are then 

, sin/? , siny 

b = a —r— and c—a ~—, 
sim sina 

and the bearings of BK and CK are 

&bk — &bc + P S CK = S CB — y , 

S B c — tan 1 — and Srg = &bc +180 . 

A c — a b 


where 
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The coordinates of point K are 


Y K =Y B + BK sin S BK and X K = X B + BK cos 5 bk , 
or in another form (for checking purposes) 


y k ~ Y c + BC sin d CK and X K = X C + CK cos 5 CK . 

Points K and V may be determined by resection rather than by the above methods 
if only limited accuracy is required. 

The bearing of KV : ( KV ) = d KV is calculated from coordinates: 


and 


(KV) = S K y = tan- 1 -^--*^ , 
Ay — X K 

{VK) = dy K = d K y ± 180°. 


(5.2) 


With the instrument set up over K the direction 5 KV can be laid out using the 
known points (§ VK can be laid out similarly at point V): 

Setting up the instrument at K the angles to A, B, C and D can be measured 
and the mean angle of orientation can be calculated. Denoting the respective 
readings with l A , l B , I c and I D the corresponding angles of orientation are 

&ka ~ Ika — Z A> 

SKB ~ Ikb = z Bi 
&KC ~ IkC = Z C' 

^KD ~ Ikd ~ Z D> 

and the mean angle of orientation at point K is 


Z A Z B + Z C + Z D 

4 


= Z K . 


The reading pertaining to the direction to be laid out is 


l KV — S K y — z K . 

Turning to point V the above procedure is repeated and the reading per¬ 
taining to the direction to be laid out is 

•VK ~ ^VK ~ Z V- 

The national triangulation network is often not sufficiently accurate for tunnel 
layout work and thus the points should be checked before use. The problem of 
accuracy is also discussed in Section 5.14. 
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51.122. Layout of long tunnels from special networks. In cases where the national 
triangulation network is not sufficiently accurate, the layout should be based 
either on a special triangulation net, or, in simpler cases, on a special traverse. 

Regarding the use of special traverses there are two alternatives. In the first 
alternative both terminals are known (Fig. 5/5) and the unknowns are the angles 
<t> and i j/. In the second alternative only one terminal is known (K) and one angle 
(</>); the other terminal (V) and the other angle (i/f) are to be determined (Fig. 5/6). 

In the first case the distances t 0 , t v t 2 ,..., t n and the interior angles oj : , co 2 , . . . 
..., co„ are measured in the field. From Fig. 5/5 


VT [Minfe 

KVcosd KT [r, cos /3,];=S ' 

and with the notation used in Fig. 5/5 


(5.3) 


A) — 0; Pi — 180 — COi, fi 2 — co 2 


Pi ± 180°, P„ = co n — /?„_! ± 180°, 




Fig. 5/6. Layout of the 

other terminal by 
special oriented 
traverse 


34 Szechy: The Art of Tunnelling 
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and with <f> known 

i/i = n 180° — <f> — , (5.4) 

where n = the number of the traverse stations. 

In the second case the angles as well as the distances have to be measured, 
as before. Then, first, the location of V along the traverse side is determined. 
Considering Fig. 5/6 and Eq. 5.3 it follows that (with the same notation) 

tan 6 = [ / - sin ^3!=o~ 1 + *sinff„ 
cos PiYiZo - 1 + * cos /?„ ’ 

and the unknown x can be expressed as 

x = [Ji si n ft fco^-tanMcosftl fcg “ 1 
tan (f> cos — sin p n 

As in Eq. 5.4 the expression for the angle ip is 

4> = <n - 1) 180° - </> - [to,]}:;- 1 . (5.6) 

Where, in the layout of tunnels 8-10 km (5-6 miles) long, the accuracy of 
the national triangulation network is insufficient a special triangulation net is 
required. 

Once again there are two possibilities regarding the independence of this special 
network. 



Fig. 5/7. Tunnel layout by 

adopting two points of 
an existing system and 
developing a local 
network in between 


In the first case at least two points of the network to be .developed are also 
points of the national network and the line between these two has to be accepted 
and adopted. Thus, in this case there is no need to measure a base line, but all 
the angles of the triangle have to be measured with a theodolite with readings 
to the nearest 1" and in at least four positions of the horizontal circle. It is best 
to establish a chain of triangles along the centre line of the tunnel. 

Consider the chain of triangles illustrated in Fig. 5/7 with points I and II 
belonging to the national triangulation network and with points 1, 2,..., 7 to 
be laid out. The coordinates of these points are calculated in two steps. Assuming 
first an arbitrary length for line II, for example, the lengths of all the other sides 
can be calculated on the basis of the measured and corrected angles and so can 
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all the coordinates of the stations. Taking the coordinates of point I as y [ = 0 
and x[ = 0, the hypothetical coordinates of point II, y' u and x' u as well as all 
the others can be computed and marked with a prime so that they can be disting¬ 
uished from the actual coofdinates. Now the ratios of actual to hypothetical 
distances are calculated from 


C„ = ^A and C *n-*i 


Y' 

Ml 




In the second step the actual coordinates can be obtained from 


yi = Vi + C y y[ and x 1 = x, + C x x'i 
y 2 = Tx + C y y'i and x 2 = x L + C x x' 2 


y„ = Ti + C y y’ n and x„ = x l + C x x'„ 


(5.7) 


(5.8) 


Knowing all the coordinates in the local network the tunnel can be laid out 
exactly as if working in the national network (see Section 51.121). 

In the other case it will be necessary to measure a base line, and it is advisable 
to determine the coordinates of at least one station and the bearing of at least 


one side in the national coordinate sys¬ 
tem. One side of the local network is 
usually expanded from the base line 
through a base net. The length of each 
side can then be calculated with the 
measured and corrected angles, and the 
bearing for each side can be derived from 
the one with the known azimuth. The 
coordinates of each station can now be 
calculated with reference to the station 
whose coordinates are known in the na¬ 
tional coordinate system. With the local 
network established, the tunnel can be 
laid out exactly as if working in the 
national network (see Section 51.121). 

With the notations of Fig. 5/8 the acti 



Fig. 5/8. Tunnel layout 

by self-contained triangulation 


closing error is 


Ay = [ey(/> - T)]U + [e, sin </>]" =1 , (5.9) 

where e,, and e, = the error in the angles and in the lengths of the sides, respec¬ 
tively 

n = the number of sides. 
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The sign of the first member is positive if </>,. denotes the angle as illustrated at 
station 1, and is negative if it is the angle supplementary to 360°. 

Calculations for the chain of triangles illustrated in Fig. 5/8 are the same as 
for a local traverse, because stations K, 1,2, 3, 4, 5 and V may be regarded as 
the stations of a traverse. 



Fig. 5/9. Tunnel layout by 

self-contained triangulation 
(direct method) 


According to Fig. 5/9 the angle (a) required for the layout of centre line k — e 
and the length of the tunnel, ~ke, can be derived directly from the chain of triangles: 


tana = “=~ 


hf sin/? — ef sin (/? -I- y) 


fe cos 0? + y) — hf cos/? + kh 
ke = L = y/[hf s j n p _ f e s j n (// + y)] 2 + | -j e cos (/? + y) — hf cos /? + kh] 2 


— sin (bac) sin (bca) sin (def) sin (gdf) sin (kgf) 
sin ( acb ) sin (bdc) sin ( cfd ) sin (dgf) sin (ghf) 


(5.10) 


5.12. MARKING THE STATIONS 

Horizontal reference points on the ground are marked in the same manner as 
they generally are in surface surveys. Exceptions to this are the points along the 
centre line of the tunnel as these are also to be used as instrument stations. It is 
also advisable to mark them with permanent monuments. Permanent monuments 
are also recommended for auxiliary target points located along the extension of 
the centre line. The monuments should be such as to be able to receive a target 
in the form of an iron bar, while surveying is in progress. An example of a per¬ 
manent type monument is illustrated in Fig. 5/10; the marker on the left hand 
side was used in the construction of the Simplon tunnel. In the case of paved 
surfaces the permanent markers may consist of a metal plug set in concrete and 
encased in a steel box as illustrated in Fig. 5/10b. 

Inside the tunnel the markers are usually mounted overhead. There are several 
types in use; that of Borcher is generally preferred because it is the best for direc¬ 
tional layouts. The Borcher staple has to be driven into the roof in an approximate 
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Fig. 5/11. Overhead type station markers 


position so that the horizontal portion will intersect the line to be determined. 
Having established the line a hole has to be drilled into the staple in the exact 
location to receive the wire suspending the plumb bob (Fig. 5/11). The rider with 
the vernier, illustrated on the left, works on the same principle. 


5.13. LAYOUT OF DETAILS 

In tunnels with a straight alignment the centre line is laid out every 50-100 ft. 
This can be done with a theodolite set up over the station last established and 
backsighting at a point at least 3-4 times as far away as the next station to be 
determined. 

The telescope is then reversed about the horizontal axis, a Borcher staple is 
driven into the roof at the required distance and in the approximate location, 
and the new station is marked on it. The telescope, still in the reversed position, 
is now backsighted to the first point, then reversed and the point is marked once 
again on the staple. Now a hole has to be drilled in the staple half way between 
the two marks: this will be accepted as the new station. Keeping up with the 
progress of construction the stations have to be spaced about every 15-30 m 
(50-100 ft) along the tunnel. In dark headings the cross hairs require artificial 
illumination. 
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P/mb line 


Slots 


White sheet of 
paper 



Fig. 5/12. Metal targets 



Fig. 5/13. Tunnel 

layout dn a curve 
by deflection angles 


In the case of long sights the permanent markers consist of metal targets mounted 
on the roof. Cross-shaped slots have to be cut into the plates and illuminated 
from the back to give a well defined sharp light on the face that is easy to sight on. 
A black cross on illuminated opaline, or other easily visible figures with distinct 
vertical centre lines also can be employed (Fig. 5/12). 

Tunnels on horizontal curves can be laid out by deflection angles using the 
following formulae (Fig. 5/13): 



(5.11) 


y = 


S*_ 

2R 


(5.12) 


The value of i should be chosen to suit the length of the chord, s (the length of 
the tape). 
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5.14. METHODS TO IMPROVE ACCURACY 

The degree of accuracy required in tunnel surveying is governed by the allow¬ 
able closing error. The accuracy of the survey will depend primarily on: 

1. a reliable network of surface reference points 

2. careful and repeated measurements. 

Better control over the tunnel alignment can be achieved by: 

(a) driving pilot drifts ahead of the construction work 

(b) vertical test holes along the centre line (Fig. 5/14) 

(c) in the case of twin tunnels, lateral connecting adits to facilitate the use of 
closed traverses (Fig. 5/15). 



Fig. 5/14. Check holes along the centre line of the tunnel 


| pesthole 

I 

| Steel pipe en- 

[j eased in con- 
cretefonihe 
centre line) 


Tunnel 


Tunnel 



Fig. 5/15. Directional adit connections 


1. The reliability of the reference point network - as mentioned earlier - can 
be improved by developing a local network of reference points. In this network 
a relative error less than 1/50 000 is expected in the distances. The reliability of 
the network can be checked by measuring angles at each station to be used. The 
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dependability of each direction may be concluded from the respective angle of 
orientation and from its mean value, as determined by measurements taken at 
the respective station. 

- [ziftZl 

- / ’ 

and if 

£1 = Zi - z, 

= Z 2 - Z, 


(n = Z„ - Z, 

then the mean error of the angles of orientation is 



The value of n t should be less for long tunnels than for short ones. If /t, = +1", 
for instance, because of the sighting uncertainty of 1", a lateral error of ±5 mm 
(0-2 in) may develop and under adverse conditions it may be as much as three 
times as great, i.e. +15 mm (0-6 in). 

2. In tunnel surveying the measurements should be taken very carefully and 
it is most important that they be repeated. The latter is important not only because 
there is less chance of a gross error occurring in this way, but also because the 
greater the number of targets and measurements, the more errors will become 
negligible, and the better the overall accuracy becomes. These measurements 
should be taken with a theodolite on which readings to the nearest 1" can be 


Closing Errors of Famous Tunnels Table 5/1 


Tunnel 

Horizontal 

Vertical 

Name 

Length 

(km) 

Closing error (mm) 

Gotthard 

149 

250 

100 

Simplon 

19-7 

202 

87 

Lotschberg 

14-5 

257 

102 

London (Underground) 

2-5 

63-5 

— 

Mont Blanc 

11-6 

13-5 

200 

Tauern 

5-55 

550 

56 

Hauenstein 

8-13 

50 

10 

Suramsk 

3 99 

130 

40 

Wasserfluth 

3-55 

50 

10 
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estimated, and centering control devices should be employed, particularly for 
short distances. This will be discussed later in detail. Subways constructed in 
open excavations can be laid out in the same manner as other structures on the 
surface. The closing errors of some of the better known long tunnels are listed 
in Table 5/1. 


5.15. VERTICAL LAYOUT 

In tunnels starting from portals the vertical layout is done by levelling as on 
the surface, except that the benchmarks are established in a different manner. 

It is essential, first of all, that the elevations of both terminals (K and V) should 
be referenced to the same datum, or that there should be a benchmark near the 
tunnel, tied in to the national survey, from which levels can be run to both ter¬ 
minals. It is advisable to check the two points by differential levelling even if the 
elevations of both points are known. These benchmarks shall be fixed by perma¬ 
nent markers, types of which are illustrated in Fig. 5/16. DriUed-in piles with 



Fig. 5/16. Types of benchmarks 



precast caps can serve this purpose very well under favourable soil conditions. 
The advantage of piles over precast stones lies in the deeper embedment. 

In the headings the gradients are marked temporarily by nails driven in the 
timber posts about 5 feet above the bottom. Gradients should be checked over 
once again before the commencement of the lining operations. After the lining 
has been completed permanent benchmarks can be installed; it is best to use 
plugs for this purpose (Fig. 5/16). These should be located in such a manner as 
to allow the levelling rod to rest on top. The levelling rods used in the differential 
levelling shall be graduated to one-hundredth of a foot and shall be adequately 
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illuminated (portable floodlights). The use of levelling 
glass plate, such as that of Cseti illuminated from the 
back may be considered also inside the tunnel (Fig. 
5/17). 

Some of the new levelling rods have scotchlite type 
graduations and numbering to reflect the incident light. 
These rods are very easy to read even in darkness, with 
a flashlight mounted on the telescope. 

The mean closing error of the vertical layout is 

fry = ± Hkm JL (5.13) 

where jx km = the mean levelling error per km 

L = the distance between the benchmark and 
the point where the bore is holed through, 
in km. 

If the mean error of the reference benchmark is 
known (ji a ) then the total closing error is 

toyt = Jn? y +nl- (5.14) 

5.2. LAYOUT OF TUNNELS STARTING UNDERGROUND 

5.21. HORIZONTAL LAYOUT 

Subways in general can be divided into two groups, depending on their location: 

(a) subways directly beneath the road surface 

(b) subways deep below the surface. 

Construction of the latter begins with the sinking of vertical shafts. Both the 
shafts and the tunnel itself are laid out from numerical data, i.e. geodetic coordi¬ 
nates which should be listed on the construction drawings. It follows, then, that 
a geodetic network should already be available at the time of the design. Because 
of groundwater conditions the shafts very often have to be sunk under pressure 
(pneumatic caissons). In such cases a steel air-lock, about 0-90 m (3 feet) in dia¬ 
meter, is the only connection to the surface. Muck is raised and building materials 
lowered through the shafts, which also have to provide for access and for dropping 
down the lines. These shafts — eventually to serve maintenance and ventilation 
purposes-are spaced about 600-1200 m (2000-4000ft) apart and are connected 
to the tunnel and to the shield chamber through ventilation adits about 30-70 m 
(100-250 ft) long (see Section 5.21 and Fig. 6/150). A full-time survey super¬ 
vision and direction is required during these construction phases, particularly 
with shield driven tunnels. 
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Fig. 5/17. Levelling 
glass plate 
(by Cseti) 
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52.11. Surface Reference Net 


52.111. Types of reference nets. Horizontal surface reference nets for deep 
tunnels may consist of: 

(a) local precision traverse (self-contained) 

(b) local chain of triangles 

(c) precision triangulation net covering the entire area. 


(a) Layout Using Self-contained Precision Traverses. If a precision trav¬ 
erse on the surface is to be used in the underground directional layout then 
the angles of the traverse should 


be measured with extra care, be¬ 
cause any angular errors will 
have their full effect on the trans¬ 
fer of directions. On the other 
hand, any errors in the coordi¬ 
nates or in the lengths of the 
sides of the traverse will result 
only in certain shifts in the un¬ 
derground area (Fig. 5/18). Preci¬ 
sion traverses may be accurate 
enough to be used for tunnel 
sections less than 1 km (1/2 mile) 
long. Theodolites with readings 



Fig. 5/18. Offsets in the underground 

triangulation net due to errors of 
angular measurements and centering 


to the nearest 1” and distance 
measuring bars with an invar base 
must be used in precision trav¬ 
ersing. Distances have to be 
measured with the bars held ho¬ 
rizontally (for further details on 
self-contained traverses see Sec¬ 
tion 51.122). 

(b) Layout Using Local 
Chain of Triangles. A local 



chain of triangles should be 

used in the layout of long subway tunnels. Although this has been dealt with 
earlier (Section 51.122), it is supplemented here with a particular case in which 
the construction of the tunnel progresses not only from the terminals but also 
from intermediate shafts (Fig. 5/19). Angles i j> and i p should be calculated 
only from the respective polygons and sections of the network, e.g. </> and t \r 
should be determined using the angles <x u a 2 and /? l5 /? 2 , respectively. 

(c) Layout from a Triangulation Net Covering the Entire (Urban) 
Area. Soviet specifications allow triangulation stations of the first and second 
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order to be used in subway layouts; those of the third order may also be used if 
the error in the length does not exceed 1/50 000. 

In his study on the survey of the Warsaw Subway Z. Kowalczyk 51 has noted 
that stations of the City triangulation system can be used only if working in 
open excavations; subways deep below the surface require either local triangula- 
ti°n or precise traversing. There is no doubt that not all City triangulation systems 
measure up to the higher standards of subway surveying and therefore should 
be checked carefully before use. According to Soviet specifications the errors in 
the measurements of distances should not exceed 1/50 000 throughout the net. 
In the layout of the Budapest Subway the existing City triangulation net was 
used because it was found that the above requirements had been met. 

Direct precise distance measurements - carried out by K. Oltay 52 to deter¬ 
mine the reliability of the stations - have shown the errors in the distances 
between triangulation stations of the lowest order to have been about 1/45 000. 
This would indicate that in general these errors would be between 1/45 000 and 
1/100 000 as far as the stations of higher orders are concerned. 

52.112. Refining the reference point net. For the purpose of transferring direc¬ 
tions underground two or three high signals are required in the vicinity of each 
shaft and at least one marker on the surface in the immediate vicinity of the 
shaft. 

The signals (extensions to chimneys, towers, etc.) should be always of solid 
construction and should also serve as instrument stations. Markers on the ground 
are usually plugs embedded in concrete or encased in steel boxes (Fig. 5/11). 
Markers located on the ground around the shafts are bound to be dislocated 
by construction equipment; in such cases they should be installed on a concrete 
block about lmx lmx lm (3 ftx3 ftx3 ft). Even if the monument cannot be 
preserved throughout the construction, a temporary monument has to be erected 
over the steel box to facilitate the dropping of the line down the shaft. 

All the above reference markers around the shafts should be located keeping 
in mind that: 

1. As many of the high signals as possible should be intervisible (Fig. 5/20); 

2. The marker on the ground should be within the triangle formed by the 
signals; 

3. While signals in general should be located near the centre line, there should 
be at least one outside the area that is subject to settlements; 

4. One of the signals should be located in the direction of the progression of 
construction (Fig. 5/21). 


1952 Kowalczyk ’ Z -' Problems of Closing in the Construction of the Warsaw Subway. Warsaw, 

5 - Oltay, K.: A budapesti varosmeres haromszogelesenek hosszmeghatarozasaban elert 
pontossag (Accuracy of linear measurements in the triangulation of the Budapest city survey) 
Geodeziai Kozlony 1941 2 
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Fig. 5/20. Recommended 

layout for horizontal 
reference points - 


Marker at grade 



Signsi 


- Marker at grade 


Fig. 5/21. Recommended 

layout for signals 
to facilitate the 
transfer of directions 
underground 



The high signals should be referenced by at least 5 angular tie measurements. 
There should be at least four uniformly diverging directions selected at each refer¬ 
ence point and the angles should be measured in four positions of the horizontal 
circle, using a theodolite with readings to the nearest 0T". Directions are to be 
measured similarly from the station to be referenced, sighting at the reference 
points as well as at the signals of the next shaft. 

The calculated bearings, as derived from the readings taken with the various 
positions of the horizontal circle, should agree within 3", and if they do not, 
then the respective series must be repeated. 

In general, measurements should be taken early in the morning and late in 
the afternoon. Sightings should be kept clear of heat-radiant buildings and chim¬ 
neys so that errors due to refraction may be avoided. Whenever possible, the 
instruments should be set up on monuments. To facilitate precise centering and 
sighting, centering control plates should be used with three grooves and with 
a precision signal. The plates are to be fastened to the monuments with plaster 
of Paris. Tripod instrument bases are also often used on monuments (Fig. 5/22). 
(For a further discussion of centering control plates see Section 52.13.) 

In order to interrelate the indirect measurements (adjustment of coordinates) 
the unknowns should be independent and should be grouped in such a manner 
as to include the signals of Only two shafts at a time (Fig. 5/23). 

Each signal will thus have two sets of coordinates. In order to avoid confusion 
it shall be recorded clearly for each coordinate as to which adjustment group 
and to which tunnel section it refers. Because of the absolute uniformity of layout 
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of each section between two adjacent shafts, the above method is bound to give 
the most reliable results. Also, with a proper network, correct measurements 
and calculations, the discrepancies are bound to be very small. 

The calculated mean errors will refer to the stations within that particular group 
and will give an indication of the closing errors to be expected between the respec¬ 
tive tunnel sections. 

The angles of deflection between the adjacent adjustment systems can be checked 
directly by measuring the angles at the signals as follows: 

Starting at signal B x , located at shaft B, the angle between the sightings to 
points A 1 and C l5 located at the adjacent shafts A and C, respectively, is to be 
measured first. This angle should agree with that calculated from the commonly 
adjusted coordinates of A x , B x and C x . The same measurement and computation 
can be carried out for the other directions. The arithmetical mean of the differ¬ 
ences between measured and calculated angles will represent the deflection 
between the two tunnel sections. This, from a geodetical point of view, is inevit¬ 
able. The deflection - only a few seconds - may not be noticeable at a shaft or 
shield chamber, but may be noticeable in the case of two headings advancing 
from opposite directions. For this reason each coordinate should be used only 
for the tunnel section to which it refers. 

Provided that the. difference between two corresponding coordinates - adjusted 
in two independent groups - does not exceed a few hundredths of a foot, it is 
sufficient to consider the arithmetical mean of the two values in subsequent cal¬ 
culations and measurements. A maximum difference of 7 mm (about 9/32") has 
been found between any two sets of coordinates of signals of the Budapest Subway, 
and the mean error of the coordinates has not exceeded 5 mm (about 3/16") for 
any station. The difference between measured and calculated deflection angles 
was about 5 seconds. 
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Reference points at grade at each shaft are derived individually from the signals, 
using a single point for the adjustment. Measurements are to be taken in two posi¬ 
tions of the horizontal circle, with the instrument set up over the point at grade 
and under the signals. 

The signals of each shaft should be checked annually as part of a comprehensive 
plan and programme. Such a systematic repetition of measurements is necessary 
to facilitate a check on possible movements and also to improve the accuracy in 
general. 

As mentioned earlier, ground movements due to subway construction constitute 
a significant source, of error for the surface reference point network (Section 73.2). 

In the case of the Warsaw Subway there is one traverse over or near the centre 
line and two others running outside the area subject to settlement. Spaced about 
500 m (1500 ft) apart they are interconnected by latteral traverses every 500 m 
(1500 ft). For settlement zones wider than this a chain of triangles is required. 

In the case of the Moscow Subway the traverses crossing over settlement zones 
are run between triangulation stations. According to the specifications the width 
of the settlement zone may reach four times the depth of the tunnel and must be 
considered as such. 

From the point of view of sur¬ 
veying there is a conflict regarding 
the requirements for the location of 
reference points. On the one hand it 
is advisable to locate the points close 
to the centre line of the subway so 
that any errors in the coordinates 
have the least effect, but on the 
other hand it is also important to 
keep them away from the centre line 
because of inevitable settlement. In 
view of the above the following 
considerations should be remem¬ 
bered when laying out signals: 

1. One of the signals of each shaft has to be located outside the settlement zone 
(four times the depth of the tunnel). 

2. The movements of all buildings carrying signals should be checked constantly 
by precise levelling. At least three benchmarks should be installed in such 
buildings (Fig. 5/24) and in such a manner as to facilitate a check on the 
movements in two perpendicular planes. 

3. The elevations of the points that have been found to be unstable by the precise 
levelling should be re-established from other original benchmarks of the 
network. In the overall adjustment the points shall be divided into groups 
including the points outside the settlement zone at every shaft. Thus, the 
only coordinates that will change to any appreciable extent and as a result 



Fig. 5/24. Location of benchmarks in a group 
of buildings- 
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of such repeated measurements will be those of the point that has been 
dislocated. 


52.12. Transfer of Directions Down Shafts 

Underground surveys can be connected to the surface coordinate systems by 
means of 

(a) plumb lines 

(b) optical plumbs 

(c) gyroscopes. 


Compass surveys cannot be used in the construction of subways, partly because 
of the limited accuracy (12' error) and partly because of interference from the 
steel structures and electric cables that are always present. 

52.121. Plumb lines. Plumb lines should be used wherever a high degree of 
accuracy is required. Plumb bobs, weighing 10-25 kg (25 to 60 lb), are suspended 
usually op high strength steel (piano) wire, about 0-3-0-5 mm in diameter, and 
fastened to a reel. The reel is clamped to collar timbers about 2-3 m (7-10 ft) 
above the shaft. 


A vertical plane, with its direction 
determined on the surface, can be estab¬ 
lished by means of two plumb lines 
to which the underground survey will 
be orientated (Fig. 5/25). 

If the plumb lines can be centered 
on, the deflection angles - both on the 
surface and underground - should be 
measured directly at the plumb lines 
(Fj and F 2 ). If this is not possible, 
then the angles have to be calculated. 
The plumb lines should not sway while the operation is in progress. This can be 
achieved positively only at the top where the lines are fixed. There are, however, 
two ways in which to effect stability underground as well. One is to damp the 
vibrations by immersing the bobs in liquids of high viscosity. In the other meth¬ 
od the mean position of the vibrating line is determined in two perpendicular 
planes and the wire clamped in this position. The cycle of swaying may be short¬ 
ened by increasing the weight of the bob (as long as the operation does not 
become unwieldy). 

Stabilizing fins, attached to the bob, are most effective in damping vibrations 
in viscous fluids (Fig. 5/26). 

An instrument for determining the amplitude of swings is illustrated in Fig. 5/27. 
This instrument has two perpendicular scales, etched on glass (marked I and II), 


Plumb lines 
Shaft 



~- 0 -— 


* w 

Underground traverse 


Surface * 
traverse Transfer *° r ° irec ‘ ,l0ns 

Fig. 5/25. Layout of traverses 

with orientation by plumb lines 
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Level Ce) 




Fig. 5/27. Instrument 

for dropping survey lines 
(developed in Sopron) 
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h Instrument 
i r base with 
I clamp For 
plumb 
wire 


Hinge 


an adjustable mirror, a hooked end (6) that 
can be adjusted in two perpendicular direc¬ 
tions and a base plate with three foot screws 
and a level (e). 

With the wire swinging in front of scales 
I and II, the amplitude can be read directly 
on scale I and with a mirror at 45° on the 
other. The two readings cannot possibly be 
confused because a reading of 30 is the maxi¬ 
mum on scale I and the minimum on scale II. 

Swinging the wire first in front of scale I 
and then before II, the extreme positions 
are to be recorded for 5 cycles on each scale. 
In order to improve the accuracy at least 3 
sets-or in exceptional cases 6 to 10 sets-of 
measurements shall be taken. 

As mentioned earlier the angles at the 
plumb lines should be measured directly 
both on the surface and underground, if it 
is possible to centre over the plumb lines. 
An instrument for measuring the angles at 
the surface, devised by Wilski-Hornoch, is 


Wire to Dlumb 

bob' 


. Conici I 
clamp 


Fig. 5/28. Instrument for 
dropping survey 
lines down shafts 
(by Wilski T.-Hornoch) 


Fig. 5/29. Instrument for 
centering the 
pin marker 




LAYOUT STARTING UNDERGROUND 


547 


illustrated in Fig. 5/28. It consists of an instrument base with an adaptor 
for clamping the wire, and two pairs of cones. The mean position of the plumb 
line can be determined underground as described above and the plumb bobs 
can then be replaced by a pin marker. This can be done with the instrument 
shown in Fig. 5/29, which is also supposed to receive the theodolite. The pin 
marker can be adjusted by sliding plates e and g along the interlying disc c. It is 
sufficient to centre to the nearest 1-2 mm (about 1/16") because the marker can 
be turned through 180° and the necessary adjustment can be calculated as the 
difference between the arithmetical mean of the two opposite readings and the 
reading referring to the proper position. Next, the pin marker is to be replaced 
by the theodolite, which can be centered with the help of the three grooves. 

In the construction of the Budapest Subway the plumb lines have been laid out 
in an eccentric pattern. This method does not require special equipment and is 
also the most accurate. The two plumb lines are to be lowered as before, with 
a vertical plane approximately in line with the respective sides of the adjoining 
traverse (both on the surface and underground). An auxiliary point is now to be 
chosen on the surface and another one underground. These points will form two 
triangles with the plumb lines: one at the top and qne at the bottom. The auxiliary 
points should be located so as to result in small angles between sightings to the 
two plumb lines (Fig. 5/30). Also, the signal near the shaft should be visible and 
should be sighted from the auxiliary point at the surface. While the angles are 
being measured at the auxiliary point on the surface, the bearing of the line 
connecting this point with the signal should also be determined by sighting from 



Fig. 5/30. Layout for the 

eccentric set-up of plumb 
lines 


0 
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the latter. This procedure has to Pe repeated every time the plumb lines are used, 
regardless of whether the coordinates of the auxiliary point are known or not. 

Consider the triangle AF\F 2 (Fig. 5/30) on the surface and the other one BF,F, 
underground. It is assumed that the angles 0 l5 <j> 2 , « lf p lt 7l , <*„ p t , y 2 , ^ yj, 2 
have been measured as have the distances a„ b lt c, on the surface and a 2 , b 2 , c 2 
underground, and it is further assumed that the coordinates of points A and Care 
known. The coordinates of B and the bearing of (51) can be calculated then as 
follows: 

(51) = (AC) + (f, 1 +180° + fi 1 + 180° - <x 2 + 180° + \p 2 ~ n 180°, (5.15) 
Yp. = Y.i + «i sin (AF,) c sin (F, F 2 ) + b 2 sin (F., 5), 

X B = X A + a, cos (AF,) + c cos (F, F 2 ) + b 2 cos (F 2 5) , 

where 

c. Cl + C » . 

2 

As a check the bearing (51) and the coordinates of 5 can also be calculated 
another way: 

(51) = (AC) + <t> 2 + 180° - «! + 180° + p 2 +m° + il/ 1 -n 180°, (5.17) 
Yb — Y A + b, sin (AF 2 ) + c sin (F 2 F,) + a 2 sin (F, B), 

X B = X A b, cos (AF 2 ) + c cos (F 2 F,) + a 2 cos (F, B). 

Working with two plumb lines the directional error works out to be about 
8-10", but can be reduced if 3 or 4 plumb lines are used. In the latter case there 
will be two connecting triangles. 

Two survey teams are required for dropping survey lines down shafts. While 
the first group (1 technician plus 4 labourers) is measuring the sides of the con¬ 
necting triangle, the other group (1 engineer - in charge of both groups - and 
3 labourers) is measuring the angles of same. 

The steps to be followed in the calculations are: 


(5.18) 


(5.16) 
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2. The bearing of line B\ is computed as in Eq. 5.15 

3. The coordinates of point B are calculated as in Eq. 5.16 

4. The calculations are checked as in Eqs 5.17 and 5.18 

Example. Consider the layout illustrated in Fig. 5/31. The coordinates of point A are 
known Y A = +184-092 m; X A = —2038-258 m and the bearings of the two sides of the 


Fig. 5/31. Transit set-up 

outside the plane of plumb 
lines 



connecting triangle on the surface have been measured as ( AF ’j) = 316° 41' 2’5" and (AF„) = 
= 316° 39' 46-9 as have the angles at B: <// L = 191° 26' 53-3" and = 181° 19' 32-4". 
Other measurements are: 

flj = 12-3056 m; b l = 7-9217 m; = 3-3843 m; j>, = 1' 15-6"; 
a 2 = 7-4760 m; 6, = 11-8602 m; c 2 = 4 3845 m; y t = 7'21-0"; 

c — Cl Cg = 4-3844 m . 

2 

The bearings (AFJ and (AF,.) have been calculated using the mean angle of orientation 
at A. 

1. The connecting angles as in Eq. 5.19 are 

(*,) = arc sin (sin 0° 01' 15'6" | = arc sin 0-0010290 =0° 3'32-2" , 

I 4-3844 ) 

= 180° - 0° 03' 32-2" = 179° 56' 27 8" ; 

( 7-9217 3 

/?i = arc sin ——— sin 0° 01' 15 6" = arc sin 0 0006622 = 0° 02' 16-6"; 

1 4-3844 I 
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*1 + 01 + 7i = 179° 56' 27-8" + 0° 02' 16’6" + 0° 01' 15-6" = 180° 00' 00"; 
. ( 7-4760 \ 

a, = arc sin —-—- sin 0° 07' 210" = arc sin 0-0036456 = 0° 12' 32 0"; 

^ 4-3844 ) 

{0 2 ) = arc sin sinO 0 07' 210") = arc sin 0 0057836 = 0° 19' 53'0", 

^ 4-3844 j 

0, = 180° - 0° 19' 53" = 179° 40' 07"; 

*2 + 02 + y 2 + 0° 12' 32" + 179° 40' 07" + 0° 07' 210" = 180° 00' 00". 

2. According to Fig. 5/31 the bearing (fll) of line Bi is: 


{AFd = 

316° 41' 

02-5" 

-180° = 

-180° 


(+^) = 

136° 41' 

02-5" 

+ 01 = 

0° 02' 

16-6" 

(FyF,) - 

136° 43' 

19-1" 

+ 180° = 

+ 180° 


(F t F ,) = 

316° 43' 

191" 

-*2 = 

12' 

32-0" 

( F.B) = 

316° 30' 

47-1" 

OO 

© 

II 

OO 

© 

o 


( BF.,) = 

136° 30' 

47M" 

+** = 

+ 191° 19' 

32-4" 

! (5i) = 

© 

l/~i 

o 

r- 

(N 

19-5" 


3. The coordinates of point B are calculated from Eq. 5.16: 

y 5 = -l 184 092 + 12-3056 sin (316° 41' 02 5") + 4 3844 sin (136° 43' 191") + 

+ 11-8602 sin (316° 30'47-2") = 184 092 - 12-3056X0 6860212 + 4-3844x0 6855392 - 
- 11-8602x0-6881886 = +170-494 ; 

X B = -2038-258 + 12 3056 cos (316° 41'02 5") + 4-3844 cos (136° 43' 19-1") + 

+ 11-8602 cos (316° 30'47-2") = 2038 258 + 12-3056x0-7275815 - 4-3844x0 7280357+ 
+ 11-8602x0-7255318 = -2023-892. 
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4 The results are now to be checked by Eqs 5.17 and 5.18: 


(AF.) = 

316° 39' 46-9" 

4-180° = 

4-180° 

(F,A) = 

136° 39' 46-9" 

—<*i = 

179° 56' 27-3" 

(fi F 2 ) = 

. 31-6° 43' 191" 

II 

o 

O 

OO 

7 

-180° 

(F 1 F i ) = 

136° 43' 19-1 

II 

e-i 

QQ_ 

4- 

4-179° 40'07 0" 

( F l B ) = 

316° 23' 26-1" 

-180° = 

O 

O 

00 

7 

(BF,) = 

136° 23' 261" 

+ <l>i = 

+ 191° 26' 53-4" 

(51) = 

327° 50' 19 5" 


Y„ = +184-092 + 7 9217 sin (316° 39' 46-8") + 4-3844 sin (316° 43' 19-1") + 

+ 7-4760 sin (316° 23' 26-0") = + 184 092 - 7-9217x0-6862882 - 4-3844x0 6855392 - 

- 7-4760x0-6897389 = 4-170-494 m ; 

X B = -2038-258 4- 7-9217 cos (316° 39' 46-8") 4- 4'3844 cos (316° 43' 191") 4- 

4- 7-4760 cos (316° 23'26") = - 2038 258 - 7-9217x0-7273297 - 4 3844x0-7280357 - 

- 7-4760x0-7240582 = -2023 892 m. 

52.122. Optical plumb. Surface points can also be projected down shafts with 
optical plumbs. Theoretically speaking mechanical plumb lines could be replaced 
by telescopes set in a truly vertical position; however this is not quite so simple 
in actual practice. The accuracy to which the telescope can be set vertically is 
rather limited to begin with, and the humidity and lack of illumination in the 
shaft make sighting even more difficult. The application of optical plumbs in 
subway construction is limited to temporary and insignificant applications. 

The first optical plumb was designed by Nagel (Dresden). It resembled a theodo¬ 
lite with the telescope set vertically and had a base allowing such sighting. After 
centering the instrument over each point, the points are projected down the shaft, 
marked, and then extended into an underground traverse. This procedure is 
rather awkward and inaccurate. 
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The instrument by Zeiss is an improved version of the optical plumb. The pro¬ 
jector is once again combined with a vertical telescope, with a level and with three 
levelling screws. It projects a vertical plane rather than single vertical lines (Fig. 
5/32). A prism with a small angle of refraction, mounted in front of the objective 
lens of the telescope, divides the field of view into two halves and the image 
viewed through the prism is slightly displaced 



Owing to the fact that single points are not being projected in this method, 
the effect of any error in the vertical setting of the telescope will be limited to 
a parallel shift or a slight rotation of the plane. A double collimator with cross¬ 
hairs is mounted on the telescope in a position perpendicular to its line of sight. 
Also part of the equipment is a rod with three parallel lines marked in white 
against a black base. The two white dots, also marked on the base, represent 
the two plumb lines. 

The rod has to be held horizontally underground in such a position that the 
two white dots become two points of the connecting triangle for the direction to 
be extended. 

The instrument should be set up on a solid pedestal above the shaft with the 
spindle approximately centered over the centre of the rod. Once the prism is 
placed in front of the telescope, another image of the rod will appear in addition 
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to the original one, oftset corresponding to the refraction of the prism. As long 
as the plane of refraction of the prism coincides with the vertical plane passing 
through the centre of the rod, the image viewed through the prism will be subject 
to a parallel shift only and the single line viewed through the objective lens will 
lie between the two lines viewed through the prism. If the two planes intersect 
at an angle, then the image viewed through the prism will appear in a laterally 
displaced position (Fig. 5/33). 

The telescope should now be turned around its spindle with the adjustment 
screw until the lines are located as shown in Fig. 5/33. Another theodolite is set 
up over point D in line with the horizontal collimator which has followed the 
vertical telescope in its turn. While this is being done the focus should be set at 
infinity on the second telescope so that the image of the cross-hairs of the colli- 


Fig. 5/33. Images 

as seen in the optical 
plumbing 


a 


Initial position After 

with no prism setting 


Image of base 
line 



Image of base 
line 



mator appear in the field of view of the telescope and coincide with the cross-hairs 
of the latter. Once the station of the theodolite has been located in the surface 
network and the angle /? (Fig. 5/32) has been measured, the orientation and con¬ 
nection of the rod in the shaft can be completed. 

It will be noted that the transfer of directions down shafts with optical plumbs 
has to be carried out in two steps. First, the two points replacing the plumb bobs 
are projected and then the Connecting triangle formed and measured. 

No matter how carefully the li nes of sight of the prism and of the collimator 
are adjusted they are never perfectly parallel. In order to eliminate the resulting 
error the measurements should be repeated with the telescope turned through 180°. 
The error due to imperfect adjustment can be eliminated by taking the arithmetical 
mean of the two measurements. 

While the above method is undoubtedly more accurate than that of Nagel and 
even though the instrument has been further improved in the Soviet Union, its 
application in subway construction is still limited to measurements of lesser impor¬ 
tance. According to Oglobbin the refraction in the shafts — due to differences in 
air temperature and humidity between surface and shaft bottom - is a significant 
source of error and can hardly be eliminated. 

52.123. Other methods of orientation. In the early stages of construction (shaft 
sinking, layout of ventilation adits, etc.) and in measurements of secondary 
importance certain simpler methods with limited accuracy may also be acceptable. 
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1. In the geometrical method for determining the centre of break-out and the starting direc¬ 
tion for the adit, after the sinking of the shaft has been completed, two vertical plugs, with 
holes (I and II), are to be installed at the top of the shaft and at opposite ends of a diameter 
which is at an angle of approximately 70°-80° to the centre line of the adit (Fig. 5/34). Points 
K and L, i.e. the two opposite ends of the diameter coincident with the centre line of the adit 
are to be established on the lining. 



Plug 

with 

hole 


Fig. 5/35. Checking the 

direction of shaft sinking 



Fig. 5/34. Establishing 

the direction of the horizontal heading 


bin-tight deck 


Plumb line 


B D 



■Limit ofexcavaho. 


Knowing the bearing of the centre line of the adit (d kL ) and measuring the same for line 
I-11 on the surface (<5) the angle between the two lines is 

ot l = 8 — d KL . (5.20) 

Because 

CM = OK = r, 

according to the cosine rule 

b = \Jlr- — 2 r l cos = \Jlr — cos a (5.21) 
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winch can be rewritten as a, 

b = 2r sin-. 

2 

Similarly . a, 

c = 2r sin-. 

2 


(5.22) 

(5.23) 


With the distances b and c determined, points K and L can be laid out. 

The rotation of the shaft lining during construction can be investigated similarly with 
the geometrical method. It proved particularly useful in the construction of the Moscow 
Subway when working in areas under pneumatic pressure. Before sinking the shaft the centre 
line of the adit is to be established on the surface with two points A and B (Fig. 5/35) and so 
is a direction perpendicular thereto (points C and D). Permanent markers, such as cut stone 
or metal plugs, should be used to preserve these points. In the next step points I, II and III, 
IV are established on the outside face of the shaft lining, and points 1, 2 and 3, 4 marked on 
the top of the working chamber, all lined up with points A, B and C, D, respectively. At the 
end of the plumb lines 15x15 cm 
(6"x6") steel plates are to be embedded 
in the concrete lining above the cutting 
edge. With the shaft in the correct posi¬ 
tion the positions of the plumb lines are 
marked on the steel plates and these 
marks can then be used to check whether 
the shaft is in a truly vertical position 
during construction. Any rotation of the 
shaft can be determined with an instru- 
mentset up over point A (Fig. 5/36). The 
angle a and distance c can be measured 
and the other data calculated 

a = c sin « (5.24) 

and 

P = arctg-^- (5.25) 

b 


When laying out the direction in 
which to break out from the shaft, the 
direction 1—2 has to be adjusted by p. 

As the markers I—IV are about to dis¬ 
appear in the ground as construction 
progresses, the rotation of the shaft 
should be measured with reference to the 
old markers and new markers should be 
mounted in the lining at the same time. 

Any subsequent rotation has to be deter¬ 
mined to include the previous one. 

2. Optical methods may also be adopted when transferring directions with limited accuracy. 
Because of the steep sightings involved, the theodolite should either have an eccentric telescope 
or an adapter consisting of a prism or a mirror that can be rotated in front of the objective 
lens about the horizontal axis (Fig. 5/37). 

In either case the instrument has to be set up approximately over the centre of the shaft. 
Since the plane to be projected will be only as vertical as the spindle, the latter should be made 
vertical very carefully, using the level tubes. It should be noted that any error in the plumbing 
operation will result mainly in a parallel shift of the directional plane. 



Fig. 5/36. Measuring the rotation of the shaft 



Fig. 5/37. Optical directional 

transfer with prism adapter 
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Separate, firm nedestals should be provided over the centre of the shaft both for the in¬ 
strument and for the observer. The instrument is set up in the usual manner and a backsight 
is taken to a reference point. Now the coordinates of the instrument station are determined 
in the surface network and the bearing for the backsight is calculated. Turning the instrument 
through an angle that will also be suitable for the connecting triangle, two points are projected 
downward and spaced as far apart as possible. This is done either with the eccentric telescope 
or with the revolving prism. In the first case the horizontal axis of the telescope has to be made 
horizontal very carefully—with a mountable level if required—and in the latter the same ad¬ 
justment is required for the axis of the' prism. For this reason the housing of the prism has 
to be adjustable. If required, the adjustments can be made similarly to the correction of colli- 
mation non-adjustment. 

The above' methods can also be used in the pipes of air locks and with an accuracy that 
is sufficient in the early stages of construction. 

3. The gyroscope was developed by L. Foucault (1819-1868), and the idea of orientation 
with gyroscopes is more than a hundred years old, and is based on the fact that once the 
axis of a gyroscope is set in the horizontal plane at the observing station it will turn in a north- 
south direction. 

Gyroscopes with a free axis—suspended through a universal joint —will retain their plane 
of gyration regardless of the position of the housing. The use of gyroscopes in navigation, 
aviation and underground orientation is based on this feature. 

Modern gyroscopes turn at 20 000 rpm and are practically free from friction because the 
revolving parts arc submerged in a fluid. Because their accuracy is limited to - 60", their 
use in subway surveying is limited to less important measurements. 


52.13. Underground Directional Layout 

Once the shaft sinking is completed, the shaft is to be connected to the adit 
through a horizontal lock (Fig. 5/38). The connecting point ( B ) in the lock should 
be located on a temporary monument, erected for this operation. Measurement 
of the angles required for the connecting triangle is done with gate II closed. 
With the theodolite left in place gate I is also to be closed and the pressure can 
be admitted. This should be done gradually, even if there are no men in the cham¬ 
ber, because sudden changes in pressure are liable to cause detrimental stresses and 
deformations in the closed telescope. Gate II can noyv be opened and angle i/r 
can be measured by sighting to point A in the adit. 

Straight lines can be carried through air locks directly if only a limited degree 
of accuracy is required. The straight line passing through A and B on the pressure- 
free side is to be prolonged (Fig. 5/39) and the theodolite set up in the air lock, 
joggled into line with A and B so that the images of both points should coincide 
exactly with the cross-hair. Having equalized the pressures the inner door can 
be opened, the telescope is plunged and points C and D can be set out. In order 
to reduce the directional error the measurement should be repeated. The telescope 
is kept in the inverted position and turned through 180° to sight to points A and B, 
then plunged again to sight at C and D. The correct point is half-way between 
the points set out by the two sightings. 

As mentioned earlier, the station markers are mounted usually on the roof. 
A number of types of markers are illustrated in Fig. 5/11. 
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One of these markers can be 
mounted on the roof and consists 
of a graduated adjustable metal 
rod with a hinge at one end. A 
rider with a hole can be set to 
receive the plumb line and the 
operation is repeated with the 
telescope in another position. 
The reading^ obtained are then 
averaged and the rider set on 
this avefage. 

More often than not, under¬ 
ground traverses are of the open 
type and have to follow rather 
undesirable alignments, full of 
sharp deflections and [with long 
sides alternating with short ones. 
For this reason all angular meas¬ 
urements should be carried out 
with particular care and precision. 

Even if the marking of the 
points and the centering on the 
stations is done with the utmost 
care, a certain amount of error 
is inevitable, i.e. the, taf gets and 
the instruments will not be cen¬ 
tered in exactly the same way 
on the same station. For short 
legs of the traverse even small 
errors can result in considerable 
errors in the angles. 



Fig. 5/38. Method for carrying the survey 

line through entrance locks :o the 
horizontal adit 






■ 


7 )^ 




Fig. 5/39. Method for carrying the survey line through air locks 
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To avoid errors of this type a number of centering control devices have been 
developed, the simplest form of which is illustrated in Fig. 5/40. It consists mainly 
of a base plate with three grooves to receive the three foot screws of the theodolite 
or those of the target in such a manner that the spindle of the theodolite and the 
centre line of the target coincide exactly when interchanged (Fig. 5/40). The most 

precise centering control in- 
Target strument is the one with the 

revolving socket, designed by 
ft Tarczy. This version basically 

V/ II represents an improvement 

|| ^ over an earlier arrangement in 

) <!> which the spindle of the theo- 

/'^\ dolite had to be lifted out of 

<7/-ar r the bushing, thereby allowing 

dirt to get in between the pre- 
cision-finished surfaces. In the 
X? ( y* .SP case of the Tarczy instrument 

the revolving socket is put into 
Fig. 5/40. Centering control plate the bushing of the spindle and 

the spindle of the theodolite is 
T . put into the revolving socket, 

as is the spindle of the target 

f /XXn Jr>: (Fig- 5/41). 

ofiHkX lyXvJ 1, Using this instrument cen- 

i I if tering can be carried out to 

1 Si I an accuracy of 0-01 mm 

' ^ 05 B (appr. 1/2500") because the 

Revolving socket target is sighted in two dia- 

giuE T / metrically opposite positions 

and the mean of the two di¬ 
rections will be free from any 
centering error of the target. 
Centering control devices 
Bush/ng are g enera Uy required where 

traverses with short legs have 
Fig. 5/41. Centering to be run. Each instrument 

control instrument by Tarczy-Hornoch comes wjth two targets (Fig 

5/41). Because the station 
markers are located overhead, the theodolite shall be set up beneath a plumb line 
suspended from the markers. 

In all other respects underground traverses should be run in the same manner 
as those on the surface. Theodolites with readings to the nearest 1" should be 
used in all angular measurements and the targets should be illuminated from the 
back. Linear measurements should be made with calibrated chains or invar tapes 


j Revolving socket 


Base tbr instru- 
ment and For Ol Q 
target 

Enlargement oF base 


Bushing 


Fig. 5/41. Centering 

control instrument by Tarczy-Hornoch 
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and on horizontal pedestals prepared for this purpose. Layout procedures are 
the same as those followed in a tunnel starting from the portal (Section 51.3). 


52.14. Possibilities for Increasing the Accuracy of the Layout 

This problem has been treated earlier in Section 5.14 and the observations made 
in connection with tunnel surveying can also be applied to layout work in subway 
construction. 

Undoubtedly the accuracy of the surface network can be increased by adjusting 
the triangulation stations in a comprehensive manner and by checking by levelling 
the settlement of those buildings on which such stations are located. Similar im¬ 
provements can be achieved by using centering control devices for angular meas¬ 
urements on the surface as well as underground. Directions transferred from 
the surface will be more reliable if the connecting triangles have been orientated 
from the signal next to the shaft in question. 


5.22. VERTICAL LAYOUT 

The vertical layout of low lying tunnels begins with measuring the depth of 
the shaft. The instruments required in this operation include two levels, two rods 
and a steel tape 50-200 ft long, depending on the depth of the shaft. 

First the tape is to be lowered into the shaft as shown in Fig. 5/42 with a weight 
of 5-10 kg (10-20 lb) attached to the end. A level is then set up on the surface 
and another one underground, so as to be able to sight to the rod set up over the 
nearest benchmark and to the tape, respectively. Once the swinging of the tape 
has subsided, readings are taken on it with the levels, at the top and at the bottom. 
These readings should be repeated two or three times and their mean values cal¬ 
culated so that the difference in elevation between the heights of the two instru¬ 
ments can be determined. 

Denoting the upper and lower readings by and l af , respectively, the average 
of the readings is 

l f =^~ and 4 = ^-, (5.26) 

’ i i 

where i = the number of the readings. 

The difference in elevation between the heights of the instruments is 

/ = If - l a - (5-27) 

The tape should be standardized for each measurement because of the changes 
in temperatures and because of the pull. While being standardized the tape should 
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be subjected to the same amount of pull as under working conditions. It is best 
to establish the actual exact length (/) of the tape. 

All underground benchmarks have to be tied in to the national network and 
the entire layout of the subway should be designed and laid out with reference 
to the same datum. 

Before the vertical layout work can be started a benchmark is to be established 
in the vicinity of the shaft on which the measurement of the depth of the shaft 
will be based. This benchmark should be checked periodically, however, because 
it is located in the settlement zone. 

Let F and A denote the upper and lower benchmark, respectively, and let M F 
denote the elevation of F above sea level. If the readings on the upper and lower 
rods are l F and l A , respectively, then the elevation of A above sea level is 

M a = M F + l F - / - l A , (5.28) 

“where / = the difference in elevation as measured on the standardized tape 
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The levelling in headings should be run both ways. Because the benchmarks 
are located on the walls, suspended levelling boards, like the one shown in Fig. 5/17 
(illuminated from the back) can be used. Nails can also be used as temporary 
markers. All elevations have to be checked over again before constructing the 
permanent lining in which the permanent benchmarks are to be installed. Plugs 
should be located in such a manner as to allow the levelling rods to be set up 
vertically over them. The instruments used in the levelling should be able to be 
read to the nearest m m (0-01 ft). 

For further details on vertical layouts reference is made to Section 51.2. 

The following procedure can be followed to carry out vertical layout in areas 
under pneumatic pressure. The level is set up in the main lock in such a position 
as to be able to sight both ways i.e. the levelling rods set up on the benchmarks 
or turning points should be visible in both directions. A backsight reading is 
taken first and then the gate is closed for the locking operation. The other gate is 
opened to take the foresight. It is advisable to repeat this procedure in reverse 
order to eliminate gross errors and to improve the accuracy of levelling. Vertical 
closing errors are usually smaller than horizontal ones (see Table 5/1). 


5.23. LAYOUT OF RING SECTIONS (SEGMENTS) AND SHIELDS 
52.31. Layout of Segments 


In a geodetic coordinate system the centre line of a subway is defined by a set 
of equations of tangents and curves. In addition to this the coordinates of stations 
at 15-60 m (50-200 ft) intervals are calculated and indicated on the plans. 

During construction the alignment 
i Working face \ and the positions of the segments 
La v 2 should be checked regularly. This 

A i'lK means primarily the re-establish- 

x ..-rt\ ment of the centre line of the tunnel, 

BA 0 H o *Of2 

yc * ’ based on underground benchmarks 

1/1 21 and reference points. 

1 Consider points 1 and 2 along 

Fig. 5/43. Checking the centre line of the tunnel section 

the position of lining segments under construction and horizontal 

reference points A and B located 
nearby. To make it simple the centre line of the tunnel between 1 and 2 is 
assumed to be on a straight line (Fig. 5/43). 

There are two possibilities in a case like the one illustrated in Fig. 5/43: either 
point 1 can be set out directly from stations A and B, or - and this is generally 


Fig. 5/43. Checking 

the position of lining segments 


the case - an intermediate point H can be laid out on line 12 from, say, station B. 

The general case will be considered first; the calculations and measurements 
can be carried out in the following order: (A theodolite with readings to the nearest 
1” is required for the measurements). 
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1. The coordinates of the arbitrary point H on line 12 are calculated. Point H 
should not be farther from B (from which it will be set out) than the length of the 
tape 20 m (50 ft) and should be about half way between 1 and D. Also, point A 
should be visible from H. 

2. Bearings S 12 , S AB and S BH are calculated from the coordinates and so is 
distance t = BH. 

3. With the theodolite set up over B, a backsight is taken to A and the reading 
on the horizontal circle is recorded ( l A ). The theodolite is now turned to read 
(l A + S BH — d BA ) on the horizontal circle. 

4. A target on a centering control base is lined up with the telescope at a distance 
t from point B. 

5. This procedure shall be repeated in positions I and II of the telescope. The 
centering control base should be set half way between the two points obtained 
in the two operations. 

6. Once point H has been established the theodolite and the target are to be 
interchanged. A backsight is taken to point B and the reading on the horizontal 
circle is recorded ( l B ). 

7. With l B known the theodolite is turned to read (l A ) = l B + d HA — S HB . 
If the difference between this value and the correct one does not exceed 4 to 5 
seconds, the calculations and measurements establishing point H were correct; 
in the opposite case both must be repeated. 

8. Having checked point H the theodolite is turned to read / x — l B + 5 Hl — 5 HB 
and a well illuminated, easy to sight target is set along the line at an arbitrary 
point F. The theodolite is now turned through 180° to read / 2 = / x + 180° and 
a diopter is directed on line at point D. For best results the distance FD should 
be about 50 m (150 feet). The layout of points F and D has, thus, been completed 
with the telescope in position I. With the telescope in position II a backsight is 
taken to point B and the reading on the horizontal circle is recorded (l' B ). The 
telescope is now turned to read l[ = l' B + S H1 — S HB . Since this will not result 
in the same point as before, the target is to be set half-way between the two. 
Keeping the telescope in position II, point D can be laid out in the same manner. 
Thus the section of line 12 within the construction area has beep established on 
the ground. 

If point 1 can be sighted directly from A as well as from B, point 1 shall be laid 
out to begin with. If, for example, station B is the point from which to start, 
distance B\ is calculated first and the bearings of lines AB and B\ are derived 
from the coordinates. Point A should be laid out with the telescope in both posi¬ 
tions and should be set half-way between the two resulting points. 

Now the theodolite is set up over the point just obtained and the target is set 
up on B. As before, the telescope is lined up again with 1-2 and diopter D directed 
on line. With this line 12 has been established on the ground. 


LAYOUT OF SEGMENTS AND SHIELDS 


563 


To lay out the last lining segment the procedure to be followed is this: 

1. With the theodolite set up over point H (Fig. 5/43) and sighted to point D, 
an auxiliary point S - on a centering control base - is directed on line near the 
centre of the last segment. The distance between H and S is measured next and 
the theodolite and the target are interchanged. The telescope is sighted to H and 
the reading on the horizontal circle is recorded (l H ). 

2. The theodolite is turned to read l H + 90°, i.e. at right angles to line 1-2. 

3. Two points are directed in line with the theodolite on the rib of the segment 
and at the opposite ends of the horizontal diameter and marked with a punch. 
These points represent the ends of the horizontal line in the perpendicular vertical 
plane. 

4. The distances from the front face of the segment to the punched marks, 
called the right hand and left hand advance of the segment (Sj and s b , respectively) 
are to be measured next. The difference between the two distances, Sj — s b , indi¬ 
cates the gain of one side over the other and should be marked in red on the 
proper side of the segment. If, for example, Sj = 435 mm (17") and s b = 446 mm 
(17 1/2") then the difference of 11 mm (1/2") should be marked on the left hand 
side. 

5. The centre of the segment and its horizontal offset from the centre line 
should be determined to the nearest 1/2". One end of the tape (with the zero mark) 
is to be held against the left end of the horizontal diameter and, under sufficient 
pull, the distance has to be measured to the right end. An intermediate reading 
should also be taken at the plumb line centered over the instrument. If, for example, 
the distance between the two marks was 5-60 m (18'—4") and the plumb line was 
found to be 2-75 m (9'-0") from the mark on the left, then the eccentricity, i.e. 
the offset from the centre line of the tunnel is obviously 5 cm (2") to the right. 

6. The coordinates of the centre, established as above, can be calculated. The 
centre line of the tunnel and the vertical plane passing through the two points 
intersect at a distance of 18-45 m (60'-5") from the auxiliary point S. Point K 
will be 5 cm (2 in) to the left of the point of intersection, measured in a perpendic¬ 
ular and horizontal direction. 

7. The direction in which the segments are headed may be determined from the 
amount of gains and from the distance between the punched marks ( d ). The plane 
of the segments is inclined to the plane perpendicular to line 12 at an angle of 
A 5 which can be calculated from 


AS = arctg 


S b - s, 
d 


(5.29) 


or, in our example 


11 
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8. The angle of skew should be determined in the plane passing through the 
vertical diameter and the centre line and is to be measured with a plumb line 
suspended from the edge of the rib at the top of the segment. Once the distance 
between the vertical projection of the above edge and the lower end of the vertical 
diameter has been measured (b), the tilt (slope) of the segment can be calculated 
from 

e = -. (5.30) 


If the plane of the segments is leaning backwards (i.e. the gradient is rising) 
then distance b should be measured at the top, with the plumb line held over the 
bottom of the vertical diameter. 

9. The elevation of the centre of the segments above sea-level should be deter¬ 
mined by levelling. The elevations of three points along the bottom of the ring 
are determined by levelling and then, because the radius of the ring is known, 
the elevation of the centre of the ring can be calculated. 


52.32. Determining the Position of the Shield 

More often than not, the centre line of the shield and that of the tunnel do not 
coincide during construction. Accordingly, the centre of the shield is offset hori¬ 
zontally as well as vertically, from the centre of the tunnel. The shield, of course, 
has to be steered during construction both horizontally and vertically and any 
rotation about its own axis should be checked regularly from time to time. 

The position of centres C x and C 3 of ribs 1 and 3 of the shield have to be deter¬ 
mined in relation to stations 1 and 3 on the centre line of the tunnel. 

To determine the gradient (slope) of the shield it is sufficient to level two com¬ 
parable points located in the upper part of the shield on the two end ribs (stiffen¬ 
ers). The slope (%) will be equal to the difference in elevation, multiplied by 
100 and divided by the distance between the two points. 

The vertical position of the shield may also be expressed in terms of elevations 
if the centres are tied in to the nearest benchmarks by levelling. 

The following simple arrangement is a practical way of checking the changes 
in slope and the rotation about the axis, while the shield is being driven: 

A plumb line is suspended from an arbitrary point at the top of the shield and 
a checkered plate is placed under it. The grid lines should run parallel and per¬ 
pendicular to the centre line of the shield. With the grid lines spaced at 1/1000 of 
the length of the plumb line the position of the plumb bob will indicate the slope 
to the nearest 0-1% when read in the longitudinal direction and will give the 
rotation in the same units when read transversely. The plate should be set properly 
and made horizontal by measuring with a level in two perpendicular directions. 
The position of the centre of the shield has to be determined horizontally as well 
as vertically. 

Both the eccentricity of the centre of the ring and the rotation of the segments 
can be measured with circular scales as well. Graduated in mm and having a 
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radius of about 2 m (6 to 7 ft), the scales are mounted concentrically with the ribs 
near the top of the shield, with the zero mark set vertically above the centre 
(Fig. 5/44). The rotation of the shield can be 

measured with a plumb line, passing through Zero mark 

the centre of the shield and indicating a read- _ Circular scale 

ing (c) on the scale (Fig. 5/45). 

The eccentricity of the centre of the 
shield is 

h=d- c, (5.31) 

where d = the reading taken at the point 
where the vertical plane (plane of the light) 
passing through the diopter set up on the 
centre line of the tunnel, intersects the scale. 

It should be noted that Eq. 5.31 is only Fig. 5/44. Measuring the 
an approximate formula. However, since the rotation of segments on 

eccentricity of point C is only a matter of a cir cular scale 

inches, the horizontal distance ( h ) may well Circular Vv 

be replaced by the length of the arc (c — d). scale /< \ 

Distance h can be determined as follows: /\ ^|\\ \ 

1. The centre of the shield is projected / \ 

up onto the scale with a plumb line and C 

the reading (c) is recorded (positive to the \ \ / 

left, negative to the right of the zero mark). 1 / 

2. Similarly, the light passing through the 

diopter is projected on the scale and the -^ 

reading (d) is recorded. Fk5 - 5/45. Measuring 

the offset of the centre 

Repeating these operations at ribs 1 and 3, 
the values of c 1( c 3 , d ly d 3 , h x and h 3 can be 

determined and the angle of shield deflection can be calculated from (Fig. 5/46): 


Fig. 5/45. Measuring 

the offset of the centre 


tan co = 


h 3 — h 1 


(5.32) 


where a = the spacing of the ribs. 


Fig. 5/46. Measuring the 
deflection angle 
of the shield 
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It is noted that reading c (in Eq. 5.31) can also be measured on a stiffener plate 
as reference. From reading h, as indicated by the plumb line on the plate, and 
from the length of the plumb line ( f) the value of c can be calculated (Fig. 5/47): 



Fig. 5/47. Measuring 

the rotation of the shield 
with a circular scale 


c :h = r :f thus 



(5.33) 


r — the radius of the circular scale. 

The relative position of the shield and 
that of the last segment may be determin¬ 
ed by separate measurements as above. 

However, there is also a direct method. 
Two points are selected and marked on 
the horizontal diameter and two other 
points on the vertical diarpeter of the 
shield, and the horizontal distances are 
measured from the segment (g lt g., and 
9a> 9i)- 

If the centre line of the shield and that 
of the tunnel are parallel, then 


9 i = 92 =93 = 9i- (5.34) 

If they are not parallel, then the vertical deflection angle is 


</> = tan -1 ——(5.35) 

v 

and the horizontal deflection angle is 

k = tan -1 93 ~ 9i , (5.36) 

where g x , g 2 and g 3 , g i refer to the points on the vertical and horizontal diameter, 
respectively 

v and h = the distance between the points on the vertical and on the , 
horizontal diameter, respectively. 
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CHAPTER 6 


CONSTRUCTION AND DESIGN OF TUNNELS 


Owing to the number of factors influencing the design, loading, location and 
building of tunnels, various tunnelling systems have been developed. The major 
influencing factors being as follows: geological and hydrological conditions, 
shape and cross-sectional dimensions of the tunnel and its intended purpose. 
The construction of tunnels requires the carrying out of the following operations: 

1. excavation 

2. support 

3. transportation 

4. lining or coating, sealing, draining and ventilation. 

The combination and effect of these tunnelling operations vary according to 
the above mentioned conditions. While the excavation and the transport of the 
excavated material is always an indispensable necessity,' the type of working tools 
and the means of transportation used may differ widely, and the importance and 
extent of both the support of the excavated cavities and the processes mentioned 
under 4 can vary likewise, within a wide range. The required operations can thus 
be carried out by various methods which can be grouped into the following five 
categories: 

1. full-face tunnelling without temporary support 

2. mining or classical methods 

3. combined underground and open surface (cut and cover) methods 

4. precast element and caisson sinking methods 

5. shield driving methods. 

These methods will be discussed separately according to the type of rock or 
ground to be penetrated, i.e. whether applied in solid rocks or in soft ground) 
The first method can only be applied in solid rocks where also the methods belong¬ 
ing to group 2, which afford supports of variable extent and strength can be applied. 
In loose and friable rocks and in cohesive or granular soils all the methods given 
above can be used, with the sole exception of that under 1. In exceptionally soft 
and loose ground the methods given under 4 and 5 will afford good results. 

In the following, tunnelling methods will be discussed in order of their simplic¬ 
ity, beginning with those applicable in solid rocks only. 
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6.1. TUNNELLING IN SOLID ROCKS 

6.11. MEANS OF EXCAVATION IN SOLID ROCKS 

The means of cutting solid rocks and the excavation methods used in them can 
be discussed here only briefly, as their detailed description does not constitute 
a particular subject of tunnel engineering. Accordingly, only the relations asso¬ 
ciated with rock strength will be treated here in the following order: 

1. mechanical drilling and cutting 

2. technique of blasting 

3. methods for the joint application of drilling and blasting. 


61.11. Mechanical Drilling and Cutting 

By mechanical drilling and cutting of rocks a local separation of the rock¬ 
forming minerals is aimed at, through local crushing processes, brought about 
by a series of fractures, i.e. by brittle fracturization due to tensile stresses. From 
this point of view the cutting of rocks differs fundamentally from the machining 
of metals, the latter being uniformly based upon plastic fracture or shear. 

Fracturization is brought about by percussion or by percussion combined with 
cutting, the acting forces being of static or dynamic nature, the former action 
being brought about mainly by rotary tools, the latter by percussive ones. 

In order to bring about brittle fractures, stresses equalling the crushing strength 
of rock (see Table 6/1) have to be created. 

The crushing stress produced on the surface of the cutting tool, according to 
Hertz, is: 


ff m«x 




( 6 . 1 ) 


where p = 
r = 



unit compressive force exerted on the cutting surface 
radius of the cutting tool bevelling 
modulus of elasticity of the tool material 
modulus of elasticity of the rock. 


The specific deformation caused by the dynamic impact - provided that it 
may be considered fully elastic - can be expressed by the formula: 


e = 



/ ”o 
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Table 6/1 (after Talobre) 


Type of ground 

Dry 

density 

(t/m 3 ) 

Crushing 

strength 

(kg/cm 8 ) 

Tensile 

strength 

(kg/cm 3 ) 

Shear¬ 

ing 

strength 
' (kg/cm*) 

Resistance factor 

Angle of 
internal 
friction 
(4>) 

-VTt 

5 

Q ~ Cj 

Hard limestone 

265 

700-1700 

50 

no 

1-55-2-4 

2-5 

45-50 

Medium limestone 

2-5 

300-550 

30 

30 

2-7-3-6 


41 

Soft limestone 

2 

100 

10 

10 

6-3 



Gneiss 






21 


Dense granite 

2-76 

1800-2500 

80 

100 

1-3-1-5 

21. 


Fissured granite 

2-8 

750-860 

80 

100 

2-2-2-3 

2-5 


Quarzite-sandstone 


680-1000 



20-2-5 


50-70 

Marl 


35-180 



4-8-10 


34 (sandy) 

Porphyry 


1360-2400 



1-3-1-7 



Quartzite 

2-65 

870-3600 

30-50 

100 

1-1-21 

1-9 


Slate (shale) 


250-800 



2-3-4 


45 

Soft slate (shale) 


200 



4-5 

5 

30 

Medium sandstone 

2-3 


20 

30 




Basalt 

3 


80 

200 





where v = the velocity of impact 

v 0 = the velocity of compressed air in the cutting tool 
K = a constant, whose value lies between 1 and 2, depending upon the 
magnitude of the impacting masses. 

As °dyn =E&, its approximate value can be obtained from the formula: 

v 

a dyn ~ ^2 ^ • 

”0 
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It is desirable under all circumstances that the percussive force should lead to 
a permanent deformation in the rock, i.e. the latter has to absorb the greater 
part of this energy. A strong rebound is always evidence of low efficiency. 

Considering the existing uncertainties as regards the impact, it is worth men¬ 
tioning that the contact stress is directly proportional to both the velocity of 
impact and the square root of the impacting mass and the rock’s modulus of 
elasticity. The efficacy of cutting depends upon many factors, such as the hardness, 
cuttability, fatigue strength, tensile strength and breaking strength of the rock, 
its dry or wet condition, the hardness, strength characteristics and toughness of 
the tool material, the shape of the tool and the pressure exerted by it, the angle 
of cutting, the frequency and the velocity of the percussions, etc. 

The tools can be classified as percussive tools (light, medium and heavy pick- 
hammers with a weight of G — 18 kg; 18-27 kg, and 27-60 kg, resp.) and rotary 
tools (crown bits, star bits, etc.). These tools are operated by compressed air at 
an overpressure of 6-5 atm, the number of percussions or rotations ranging from 
200 to 250 and from 100 to 650 per min. The rotations per minute needed for loose¬ 
ning dry rock are higher in number than those needed for wet rocks. Of the cutting 
tools - especially those designed for the cutting of blocky rocks, such as are often 
encountered in mines, - the cutting and loading machines play a prominent part 
and can occasionally be used also in tunnelling operations. Of the tunnelling 
machines of Hungarian make the type F 4 (designed by Ajtay and Szilard) fitted 
with a cutting head is worth mentioning as it can also be successfully employed 
in tunnelling operations in dry clays. As a successful device of this kind is ihtro- 
duced.the Bretby Tunnelling Machine. 612 


61.12. The Use of Explosives and Blasting Technique 

Explosives, confined within a relatively small space (the shot hole) and initiated 
there induce chemical reactions in the course of which gases and heat will develop 
in such quantities that the stresses produced in the surrounding rock by the devel¬ 
oping gas pressure will exceed the strength of the rock in a certain zone. Blasting 
is, therefore, elfective only within certain zones of a given radius, discriminated 
according to the successive decrease in blasting efficiency as follows (see Fig. 6/la): 

(a) crushing zone 

(b) throwing zone 

(c) fracturing zone 

(d) shattering zone. 

In addition to the type and quantity of the explosive used and the range of 
blasting, the radius of this zone depends upon the type of the blasted rock; the 

e la Proc. Inst. Civ. Eng. 1965 April 

For the detailed description of these tools and machines and of their construction cf. 
Banydszati Kezikdnyv (Handbook of mining), Vol, II, Ch. 6, pp 717 — 822 
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distance of the extreme spherical shell, within which the blasting produces fissu- 
ration or crushing of rocks is determined by the stresses brought about by the 
shock waves exceeding their tensile strength. This stress, of course, can only 
produce displacement when a free face (e.g. a free rock surface or a joint or some 
rock material fractured by a previously fired charge) is-lying in the direction of 
shock-wave propagation. Under normal conditions, the blasting in a shothole 
will break out a crater in the rock, with sides sloping outwards at an angle of 
about 45°. The choice of the depth of the shotholes, the depth of cut, and their 
spacing, i.e. the drilling pattern can be determined according to the following 
theoretical considerations: 

An explosive charge placed at the bottom of a shothole of depth m will theoreti¬ 
cally break out the rock material within a cone with a conical angle of a The 
volume of this cone (see Fig. 6/la) is 



or, as r = m tan a. 

V=~m 3 tan 2 a. 

According to Lebrun, the following relation holds between the weight of the 
charge (L) and the depth of cut (m): 
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L = C 


m 


cos 3 a 


whence 


m 


3 = — cos 3 a. 


where C = a coefficient, whose value depends on the strength of rock and the 
quality of explosive used. Thus 

.. tL L «> o 
V = — — cos a tan a, 

3 C 


and its limit value according to a 


dV 

da 


(2 sin « cos 2 a — sin 3 a), 

J t/ 


equalling zero if 2 cos 2 a = sin 2 a, i.e. with tan a = y /2 and a = 54°44'. Thus 
the cut-depth corresponding to the optimum blasting cone will be 


m 0 


— I— 

7 V C 


( 6 . 2 ) 


From this value only 70-80 % is to be taken, considering that the blast is also acting 
downwards, according to experience, and, thus, the crater-cone will start from 
below the bottom of the shothole. 

Test results have shown, however, that only about 20% of the energy of the 
explosive charge will be actually utilized for breaking the rock. 

Explosives can be classified into the following main groups: 

1. Slow (or phlegmatic) explosives, which, when confined, can be exploded by 
simple exposure to an open flame, and which have a relatively low velocity of 
burning, resulting at first in the bursting of the surrounding rocks then their 
displacement by the slowly developed gas pressure, not crushing them, however, 
to fine fragments. Such an explosive is blackpowder. 

2. High (brisant or quick) explosives which can only be initiated by the acti¬ 
vation of a detonator, producing a total decomposition of their whole mass at 
a very high velocity (about 6000 m/sec) shattering at the same time the material 
in their immediate surroundings, breaking, rending off and displacing those lying 
farther away. Such explosives are, e.g. nitrotoluene, nitroglycerin, nitrocellulose, 
dynamite, ecrasite, paxite, etc. 

3. Initiating explosives (e.g. fulminate of mercury) used for detonators to 
initiate the activation of certain less sensitive brisant explosives must also be 
mentioned here. 
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When blasting in tunnels the task generally aimed at is to use the minimum 
possible weight of explosive for the loosening of the maximum possible volume 
of rock. A suitable fragmentation of the blasted rock is at the same time also 
desirable to facilitate mucking and disposal of the debris. 

The spacing of the shotholes and the sequence of their firing play a prominent 
part in the proper accomplishment of this .task. If the distance between two shot- 
holes is not too great, the blast will break out the rock material between them 
(see Fig. 6/lb). An inclined shothole is generally more efficient than one drilled 
perpendicular to the rock surface, as the thrust of the blast in a shothole acts 
normally to its centre line and, thus, there is far less danger of blowing out the 
stemming in an inclined hole. A shothole inclination of 45° is generally used 
(Fig. 6/lc). If the explosive charge is placed equidistant from two free faces per¬ 
pendicular to each other, the effect of the blasting will be similar to that shown 
in Fig. 6/1 d, breaking out 2-5 times more material than in the pattern in Fig. 6/la. 
With three free faces the result will be even 3 - 5 times as much. 

Shotholes are generally drilled with a diameter of 26-40 mm (1-1 1/2 in) and 
with a depth of l-2-3’5 m (4-12 ft). It is not worth while to drill holes deeper 
than 2-5 m (8 ft) as the drilling time of a 3 - 6 m (12 ft) deep hole is equal to that 
of two holes of a depth of 2-4 m (8 ft). Moreover the drilling of a deeper hole 
must be started with a greater initial bit diameter. The hole depth used considerably 
depends on the type of rock to be blasted. In a rock material of low strength and 
readily loosened, shallower drillholes and smaller explosive charges are generally 
used. Another aspect to be considered is that the depth of holes should never 
exceed the width of the tunnel, and that the round pulled by the holes is generally 
shorter by about 30-40 cm than the hole depth (averaging one tenth). To increase 
the blasting efficiency of the shot it is advisable to use a bottom charge made of 
a more brisant explosive. The hole depth (m) to be used may be, according to 
Randzio: 6115 

m = (f - 1) a + 0-5, (6.3) 

where / = the cross-section area of the tunnel face 

a = a coefficient the value of which depends upon the diameter ((5) 
of the shothole varying as follows: 

<5 = 60 — 80 mm, a = 0-20. 

<5 = 45 — 60 mm, a = 0-18, 

<5 = 20 - 30 mm, a = 0-10. 

Shotholes are, in general, drilled according to a predetermined drilling pattern 
and fired in a predetermined sequence of rounds. The drilling pattern to be used de- 


6 ,b Randzio, E.: Der Stollenbau. Ernst, Berlin 1927. See further: Furds-robbantds a bdnyd- 
ban (Drilling and blasting in mines). Muszaki Kiad6, Budapest 1961 
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III. High explosives 
Phlegmatic 


oO' o0 


3) g; pends upon the depth of the holes, 

^ a the stratification of the rock and 

^ k Thermodynamic its behaviour. (Shotholes parallel to 

* pressure zone the stratification are disadvanta¬ 
ge 1 Vitiating geous !) The practice, in general, is to 

g (detonators) use y-shaped wedge ‘cuts’ in the 

middle of the face with ‘ring’ holes 

E ' around them, inclining outwards 

y towards the periphery of the tunnel. 

' A. dl High explosives The holes can be spaced in lines. 

Ph legmatic rings, or recently, in a spiral se- 

• ‘ - L. ■= quence (Fig. 6/2). The sequence of the 

- — j ——— firing of rounds varies widely ac¬ 
cording to the nature of the rock, 
to the applied operation methods 
b) I and to the position of headings. It 

- is practical to start firing with the 

f | N \ cut (or break-in) holes placed in 

/ „ 0/ i °‘ \ the centre of the tunnel face, and 

I offi oO ' to finish with the outermost rim 

/ ° 2 0 f\ / ° 2 | holes, as in this case all the subse- 

j j quent shots will have at least two 

L ° 3 J free faces. Special attention must be 

given both to the bottom holes and 
Drilling pattern to the outermost peripheral rim 

Fig. 6/3. Principle and pattern of holes which are to be drilled with 

short delay blasting an inclination downwards, or out¬ 

wards, respectively. The efficiency 
of blasting is naturally here the smallest - owing to the high resistance of 
the undisturbed ‘infinite’ rock-mass - and the supplementary removal of the re¬ 
maining thin cover constitutes the most cumbersome and expensive work. 

The overall effect of blasting and especially the rock fragmentation is also bene¬ 
ficially affected by the application of delay firing, controlled by the length of the 
delay periods between the consecutive rounds of shots and by the sequence of firing. 
The effects of the blasts will be beneficially superimposed if the explosive charges 
in the holes adjacent to a previously fired shothole detonate at a time when the 
physical effects of the preceding shot have not yet come to an end. This advantage 
has recently been exploited by the use of short-delay exploders or millisecond 
blasting 6 2 with which the detonations of the consecutive neighbouring charges 
follow each other after a delay period of a few hundredths of seconds. 


" T-' 

Drilling pattern 


Fig. 6/3. Principle and pattern of 
short delay blasting 


6 2 Biermann, G.: Neuzeitliche Sprengtechnik. Bauverlag, Wiesbaden 1966 
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.Figure 6/3shows the pressure-time curves for explosives of various types. Initiating, 
phlegmatic and brisant explosives are here represented by the curves I, II and III, 
respectively. -Of these, -the brisant explosives are most often used in tunnelling 
operations. According to .curve III a shock pressure of short duration but very 
high intensity is followed by a thermodynamic pressure of longer duration and 
WJth.gradually decreasing intensity. With millisecond blasting or delay exploders 
.the ^thermodynamic pressure of a preceding shot is still in existence when the 
shock pressure of the -detonating explosive charge in the adjacent hole is already 
beginning to act, with the result that th'e two effects in the immediate surround¬ 
ings of the hole become summated advantageously while, at the same time, the 
rock ’vibrations farther away are damping each other. The optimum millisecond 
8elay period is proportional to the half of the oscillation period of the shock wave, 
characteristic of the medium, i.e. of the time in which the seismic vector changes 
from its positive to its negative maximum. The main advantage of millisecond 
blasting as against the simultaneous firing being thus that the effect of blasting 
an The close vicinity of the working face is increased, being decreased in areas 
farther away. 

The suggested millisecond drilling pattern 6,3 is a linear pattern shown in Fig. 
6/3b. The two shotholes denoted by 0 will be fired first to be followed in sequence 
by the detonation of the four holes denoted by 2, then the four denoted by 3 
and, finally, the last two - bottom and top holes - denoted by 4; the distance of 
4he holes from those preceding in sequence being 0-5 m and 0*6 m respectively. 
This 'drilling pattern is generally used for the driving of pilot- headings and is 
called the parallel cut method as its holes must be drilled parallel to one another. 
Theoretically, the criss-cross firing pattern, where the delay firing of the holes is 
proceeded with along a saw-tooth line, is preferable and has recently been sug¬ 
gested as particularly suitable for linear excavations. 

Millisecond blasting is not only more efficient than simultaneous firing but even 
requires less time than firing in separate rounds. 

Blasting in tunnelling is used for the following operations: 

■(a) cutting or breaking-in 

(b) full-face blasting or reaming 

(c) tunnel prqfile trimming or contour blasting. 

(a) Cutting is made in order to create cut-holes from which the breaking out 
of the remaining tunnel cross-section can be started and facilitated. The successful 
break-out of a cut requires the use of the most efficient explosives and the largest 
charges as well as the drilling of the deepest and most closely spaced drill-holes. 
The cut can be blasted in 3 or, possibly, 4 rounds, depending upon its desired 
dimensions. It must, however, be always in a central position. With greater cut 
dimensions additional ‘blind’ (uncharged) holes are to be drilled into the face 


** Gf. Hetzel, K.: Tunnel- und Stollenbau — Wandlungen und Erfolge, Bauingenieur, 1957 9 


97 SzSchy: The Art of Tunnelling 
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with diameters increasing with the decrease of the strength of the rock. The spacing 
of the drill-holes in hard rocks such as granite should preferably not exceed 20 cm. 
For the blasting out of such cuts one of the most suitable drilling patterns is the 
so-called Canadian or ‘burn’ cut shown in Fig. 6/4, in the centre of which there 
is an uncharged ‘blind’ hole with a greater diameter, abound which shot-holes 

with smaller diameters, numbered in 
Fig. 6/4 in their firing sequence, are 
placed spirally at increasing distances. 

(b) Drill holes for section reaming are 
placed around the cut either in concentric 
rings, or along a spiral, spaced at distanc¬ 
es of 0-7 to 0-8 times the blasting radius 
(see Fig. 6/2). The spacing of the holes 
in the same layer should not exceed 1-2 
to T4 times the blasting radius. The 
shot-holes in the same ring are fired in 
one round. The proper choice of the 
length of the explosive rods in the reamer 
holes and the control of the fragmen¬ 
tation is of great importance for the 
efficiency of the reaming. Shorter ex¬ 
plosive rods are used for shorter delay 
periods and longer ones for longer delay 
periods. The degree of fragmentation 
depends upon the specific quantity of 
loading in the shot-holes, increasing in addition with the decrease in the dura¬ 
tion of the delay periods. 

(c) Contour blasting or trimming of the tunnel profile can be carried out more 
or less accurately. 

The shot-holes have an inclination of 10° outwards (see Fig. 6/2) and 
their length should not extend beyond the theoretical contour of the tunnel 
cross-section by more than 10 cm (4 in). According to experience, the cleavage 
effect of the blast should not extend beyond 20 cm (8 in). In order to obtain a 
high standard of accuracy in tunnel profile trimming it is advisable to space the 
peripheral holes rather closely and to use shorter holes than for reaming. The 
explosive charges should be discontinuous (cushion blasting) and of a very high 
brisancy. 

The formulae used for the calculation of the required quantity of explosives 
can be arranged in the following three groups: 

(a) The explosive charges of conical ‘mines’, - mostly used by the military 
engineering corps - may be obtained from the following formula: 



L = e 1 f 1 d 3 , 


(6.4) 
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where L = the quantity of explosives in kg 

e l = coefficient whose value depends on the kind of explosive 
yi = the strength factor of rock 

d = the smallest cleavage length, with a value equal to 0-5 to 0-75 
times the depth of the shot-hole. 

Grimaud’s formula is similar to the above: 

L = ve 1 f 1 b 2 m 2 , 

where v = a factor depending on the number of free faces, equalling 1 with 
only one free face and 0-25 with 5 free faces 
m = the hole depth 

b = a coefficient depending on the shape of the shot-hole and varying 
from 0-5 to 1-0, with the change of ratio from 50 to 33 ( m/5 
denotes the ratio of the hole depth to the diameter). 

(b) For linear charges usually used in tunnelling operations the empirical rule 
of Fraenkel can be used, according to which 

a = 002 g m 0 ' 3 h 0 ' 3 5 oa (6.5) 

where a — the blasting radius of the charge (in m) 
m = the depth of the shot-hole (in m) 
h = the length of the charge (in m) 

<5 = the diameter of the charge (in mm) 

q = the coefficient of resistance to be obtained from the formula 

_ / 4000 . r _ t j ie roc k’ s resistance to failure (see Table 6/1). 

V R 

Taking a 35% dynamite with a rending capacity of 10 000 kg/cm 2 , Fraenkel 
gives the q values as varying from 1-3 to 5-4 for hard rocks and for soft ground, 
respectively. 

(c) The third group of calculation formulae refers to parallel series blastings, 
when the tensile strength of the rock in the planes to be separated and the shearing 
strength of the same in the shear planes, as well as the resistance to friction due 
to the weight of the rock mass to be displaced, must all be overcome by the rending 
force acting in the cross-section to be blasted. A detailed discussion of this would, 
however, exceed the scope of this book. 

The following simple formula published by Stini and used generally in Austria 
must also be mentioned 

L = fti 2 evfs, (6.6) 


37* 
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where m = the least distance between the shot-hole and the free face 

e = a coefficient representing the brisancy of the explosive and being 
of a value of 0-8 for blasting gelatin and 1-1 for gelatin-donarite 
v = the rending factor, with a value to be taken as 1-6 for the cut holes 
of headings with but one free face, 1-4 for other shot-holes in head¬ 
ings and 1-2 for the blasting of the calotte, where there are two 
free faces 

/ = the strength factor of the rock, its value varying from 0-6 (for 
limestone) to 1-5 (for quartzite), while the values for other rocks 
may be obtained by interpolation 

5 = a stratification coefficient with values ranging from 0-6 to 2-0, 

depending upon the stratification, fissuration and cleavability of 
the rock and comprising also the effect of the angle between hole 
axis and stratification. 

Even more simple is the formula given by Lucas: 

L (ke) = km 3 , (6.7) 

where k = a factor of the specific explosive demand, the value of which can be 
taken from the following table: 



Paxite 

Dynamite 

for rocks easy to blast 

0-25 

008 


0-40 

010 

for rocks moderately difficult to blast 

0-40-0-60 

0-10-0-15 

for rocks difficult to blast 

0-65-0-80 

015-0-25 


The explosive demand for pilot headings is always higher. 

Fur full-face tunnelling through hard and homogeneous rocks the specific 
explosive consumption is given by Walling Table (6/II). 


Table 6/II 


Cross-sectional area of tunnel (m 2 ) 

10 

20 

40 

| 60 

80 

100 

Specific consumption in explosives (kg/m 3 ) 

2-5 

1-8 

IT 

1 

0-8 

0-7 

Specific borehole length required (m/m 2 ) 

4 

2-8 

1-8 

1-4 

1-2 

1 

Number of boreholes according to 
drilling scheme 

32 

42 

60 

75 

84 

100 
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6.12. FULL-FACE TUNNELLING WITHOUT SUPPORTS 

It is obvious from the above that this most simple method of tunnelling can 
only be used in slightly fissured rocks of very high strength. A distinction must 
be made whether temporary supports may be omitted in the course of tunnel 
excavation only or whether permanent support or lining of Ihe section may be 
dispensed with entirely. That is, whether only the operation 2 (support) mentioned 
under Section 6.13 is being omitted or whether the lining of the tunnel mentioned 
under 4 is to be considerably simplified. The latter also includes those cases in 
which a coating or rendering is only required for the reduction of traction resistance 
and for aesthetic purposes (highway tunnels), or for waterproofing seepage- 
prevention and drainage purposes (water supply, pressure, and navigation canal 
tunnels). This latter case pertains, however, to the methods of full-face tunnelling 
with support, to be discussed in Section 6.13. 

Tunnelling without support actually consists in the repetition of the following 
cycles of operations: 

(a) drilling shot-holes into the tunnel face 

(b) loading and firing of shot-holes 

(c) clearing and disposal of the debris (‘mucking out’ the muck pile) 

(d) supplementary operations (contour trimming, breaking down of loosened 
rock layers and lining or coating for operational purposes, if necessary). 

It is possible to blast either the whole cross-sectional area or parts of it in each 
cycle - varying in accordance with the chosen sequence of operations. The working 
method depends mainly upon the shape and dimensions of the tunnel and the 
nature of the rock to be penetrated; it is also influenced by other factors such as 
the available equipment, the cost of labour and the required construction period, 
among others. The usual practice is, first to drill all the shot-holes required for 
reaming out the whole cross-sectional area of the tunnel or the pilot heading, 
in such a number and following such a drilling pattern as to achieve an adequate 
advancement with the minimum consumption of explosives and with a rock frag¬ 
mentation suitable for efficient mucking. In addition, both overbreaking and 
underbreaking must be reduced to a minimum in order to avoid subsequent 
filling or trimming. Quick and efficient loading and disposal of the debris and 
adequate ventilation and drainage are also of outstanding importance. 

The great improvement in rock tunnelling in the last two or three decades 
comes from the improvement of drills and drill steel, the increase of the hole 
lengths, the introduction of the portable drill carriage (or jumbo), the use of delay 
exploders in blasting, and the development of economical and reliable mechanical 
muckers. A truck-mounted drilling platform used at one of the stations of the 
Stockholm subway driven in granite is shown in Fig. 6/5a as an example, while 
Fig. 6/5b shows rock-drills mounted on a simple column leg and operated from 
a platform. 


M 





Some time ago tunnelling methods employing a heading were customarily used. 
In these methods a heading generally with the minimum size for economical 
driving, i.e. with a cross-sectional area of 3-6-4-5 m 2 (40-50 ft 2 ) is excavated first. 
This heading was subsequently enlarged to the required size by methods which 
were relatively less expensive than those necessary for the heading excavation. 
The length and location whether at the top, centre or bottom of the full size 
cross-section depended on the conditions of the particular undertaking. The 
practical location of the heading was at the top, as in this case the remainder of 
the tunnel section, the bench, could be broken out stepwise downwards, benefiting 
therefrom in the economy of drilling, firing and mucking operations alike (Fig. 
6/6a). For the advancement of the top, vertical shot-holes can be drilled more 
efficiently in its floor, i.e. in the bench, and mucking could be effected into mine 
trucks running on the floor of the tunnel. An additional improvement in this 
heading and bench method would be the introduction of horizontal cutting 
(rock-milling) devices which could effect the removal of the bench in ‘slices’. 

In a section heading no drilling jumbos, but only simple jack posts have to 
be used on which the drills are mounted (Fig. 6/6b). For greater speed the bottom 
heading has been used sometimes and the enlargement started at frequent intervals 
along it, permitting the full-scale work to be completed almost as soon as the 
heading. The disadvantage of this method is that the bottom heading has to be 
completely timbered to protect traffic through the ifftermediate working faces. 
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In large section tunnels and in very hard rocks where no timbering is necessary 
the centre heading method can be used advantageously (Fig. 6/7). From this 
centre heading radial holes at right angles to the axis of the tunnel are drilled to 
the contours of the full-size section and then blasted, thus enlarging the remainder 
of the tunnel section in one single round. 



Fig. 6/7. Central drift method 

Recently a multi-face tunnelling system with a separate parallel heading has 
been developed in connection with the centre heading method which, by creating 
intermediate tunnel faces, offers the advantages of having not only one or two 
faces of attack but an unlimited number. By this system a heading of 2-40 m x 2-40 
m (8 ft x 8 ft) cross-section is driven parallel to the axis of the tunnel at a distance 
of 15 —25 m (50—83 ft) aside. From this heading cross-drifts are driven in every 
500-600 m (about 1700-2000 ft) to the axis of the tunnel, from which intermediate 
tunnel faces may be attacked - always choosing the most suitable tunnelling 
method. This combination offers the advantage of simultaneous driving in both 
directions with the use of the same cross-drift as, while blasting is being done in 
one tunnel face, mucking can be carried out undisturbed and without interruption 
from the opposite tunnel section. 

6.13. FULL-FACE TUNNELLING WITH SUPPORTS 

First of all let us look into the role and possible degree of the supports. As to 
their role, they afford: 

1. Protection against the fall of loosened rock fragments, while, at the same 
time, no resistance is offered against the displacement of the surrounding 
virgin rock disturbed by the excavation; 

2. Support against all loosened rock masses without preventing further loosening 
of the virgin rock; 

3. Support partially stabilizing the excavated cavity by preventing rock dis¬ 
placement beyond a certain extent; 
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4. A perfectly rigid and powerful support preventing any movement of the 
surrounding rock; 

5. An opportunity for the consolidation of the surrounding rocks with a view 
to relieving the permanent tunnel lining. 

The full-face tunnelling method obviously represents the most economic tun¬ 
nelling system. Therefore, it is desirable to extend its field of application by all 
practical means to rocks which, though they cannot be left unsupported perma¬ 
nently, may have the installation of their support either postponed for a limited 
period, or reduced in extent by establishing an artificial co-operation with the 
somewhat further removed undisturbed rock masses (roof-bolting). 

The main point is always to make the excavation and to maintain the clearance 
of the whole tunnel section without disturbing any inside support, until the load- 
bearing permanent tunnel-lining can be constructed. The development of such 
methods is rendered possible by the fact that rock pressures do not immediately 
reach their maximum value when the excavation is completed but undergo a suc¬ 
cessive development. It must be understood, however, that their maximum value 
is always significantly affected by the erection of the supports at the proper time 
(cf. Section 3.51). It is a great advantage in various constructional operations when 
the full tunnel section can be excavated even for a certain limited distance by the 
full-face tunnelling method, and uniform temporary supports can be installed 
subsequently, at intervals extending over the whole cross-section of this newly 
driven tunnel stretch. It must be noted that the postponement of supporting a 
cavity until the construction of the permanent tunnel-lining, would incur in most 
cases a considerable increase of rock pressures with an inevitable consequent 
increase of the lining thickness and thus render the whole process uneconomic. 
There may, however, be some few exceptional cases when the rate of increase in 
the rock pressure is so small, e.g. in ground of a highly plastic character, and the 
construction of the load-bearing permanent supports - owing to their design 
and construction - is progressing so rapidly (e.g. precast reinforced-concrete 
segments or rigid steel arches) that the time elapsing from the excavation of the 
whole tunnel section to the installation of the permanent support will not incur 
any considerable increase of rock pressure. In such cases the omission of the 
temporary supports will not involve any surplus expenses. 

Three methods will be discussed below, each of which offers considerable pros¬ 
pects for further development. 

(a) Temporary support by prefabricated steel construction with a subsequent 
independent permanent tunnel lining; 

(b) Temporary support by a reinforcement-like rigid steel structure followed by 
its successive concreting; 

(c) Anchoring of the immediate roof layers by rock bolts to upper lying layers 
of higher load-bearing capacity (roof bolting) with a subsequent decorative 
coating. 
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61.31. Temporary Support Independent of the Permanent Lining 

Such temporary supports can be composed of wood, steel or concrete elements 
or of a combination of them. 

The lining can be composed of arches, ribs or frames fabricated in conformity 
with the contour line of the tunnel, with intermediate spacers, braces or struts 
between them and with an outside lagging bearing upon them in order to transfer 
loads from the rock, and to avoid the risk of falling rock. 

61.311. Supporting with steel structures. In American practice the following 
types of rigid steel support systems have been developed (Fig. 6/8): 

(a) continuous rib type (leg and rib in one piece) 

(b) rib and post type (arches on posts) 

(c) rib and post wall type (arches on wall plates) 

(d) rib wall plate and post type (arches on wall plates and posts) 

(e) full-circle rib type. 

All these types can be used for full-face tunnelling methods, with the continuous 
rib type offering most advantages. A precondition for the application of this 
method, however, is the use of portable drill carriages or jumbos and a rock 
quality to secure self-support not only for the time of the drilling, firing and 
clearing operations but also for the time required for the erection of the temporary 
or primary supports (cf. ‘bridging period’ in Section 3.51). The most advantageous 
and quickest method is to use steel arch sets consisting of two halves with butt 
joints at the crown. The set can also be composed of more segments if required 
by the size of the tunnel cross-section, or by the blasting and excavation method 
used. The arches or ribs are to be made of I- or H-section steel or of bell section 
steels usually used in mines (cf. T.H. frames and Fig. 6/14). U-section steels are 
unsuitable, partly because of the small bearing surface offered to the lagging, 
partly because of the asymmetry of their sections owing to which they are apt to 
get twisted. 

If the side walls of the tunnel adjoin its vault at an angle, and whenever large- 
section double-track railway or road tunnels are concerned, the rib and post 
type is used if only to reduce the dimensions of the single supporting elements 
and to make their transportation and handling easier. 

In large-section tunnels driven in relatively self-supporting rocks the rib and 
wall plate can also be used if the load from the arches can be transferred directly 
by wall plates or blocks to the rock at the springing, so eliminating both the use of, 
and the surplus excavation needed for setting the posts on the bottom. This 
supporting method can also be used when the support is only required as a pro¬ 
tection against rock spalling from the roof, which is most likely to occur there. 
Rock spalling at tunnel walls is, in general, smaller in extent and far less dan¬ 
gerous, as stresses induced here in the rock are considerably smaller due to the 
relatively large bearing surface left for the seating of wall plates. This latter support 
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system, however, can by no means be applied in decomposed and broken rocks, 
adversely jointed, or in case of excessive overbreaks. It may be extremely difficult 
to establish adequate support for the wall plate at any point above the floor line 
due to irregularity of the overbreak. Loads must be transferred in this case directly 
to the firm tunnel floor. This support system can be advantageously combined 
with posts installed to support the wall plates in tunnels with high side-walls if 
the ‘bridge action period’ permits it, with a possibly more distant spacing of the 
posts than that for the roof supporting arches. It may be advantageous even with 
the denser post-spacing required by higher rock pressures. Moreover, it permits 
the use of a full-face tunnelling method when combined with crown beams slid 
forward (see below), if the ‘bridge action period’ of the roof is short and the roof 
has to be supported before clearing the muck. Crown beams in this case can be 
supported from the wall plates. The wall plates are supported, in turn, temporarily 
by cantilever brackets fastened into hitches drilled in the rock until the posts can 
be installed - following the mucking out of the debris (Fig. 6/9). 

In crushed and swelling rocks the full-circle rib type should be used as it is 
able to resist pressures acting from any direction (Fig. 6/8e). A detailed description 
of this system will be given in the chapter dealing with soft-ground tunnelling 
methods. It should be noted here, however, that some horseshoe-shaped tunnels 
cannot be converted easily to the full circle. Hence, because of their high sides 
other provisions must be made for resisting side pressures and preventing a heave 
of the bottom. The most common is the installation of an invert strut. These are 
placed across the bottom of each set to resist side pressure by providing a hori¬ 
zontal reaction for the post. 

The heading and bench method though, strictly speaking, not representative 
of a full-face method, may be usefully discussed here, too. This method was 
standard prior to the introduction of moving drilling jumbos, as the bench offered 
a firm drilling ‘platform’ for drilling the holes in the arch section of the tunnel 
thus serving its advancement as a top-heading. Nowadays this method is only 
applied when the bridge action period is insufficient for full face excavation includ¬ 
ing subsequent ventilation and mucking with a consequent necessity to provide 
for the installation of a temporary roof support. In such cases the method offers 
a double advantage: 


(a) An occasionally loose roof can be supported from this rock bench either 
directly or by an advanced crown beam immediately following the blast, before 
the erection of steel ribs could be commenced. 

(b) Mucking can be done simultaneously with the installation of the steel ribs 
(or arches), reducing the time required for carrying out the cycle of operations 
even with a relatively short bridge action period. 

With this method, supporting is effected in the following two stages. First, 
the steel ribs bear on the bench with, or without, the insertion of wall plates to 
be supported in the second stage by posts bearing on the floor. As a result, a 
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$ Blocking between rock and rib 
I Blocking between crown bar and rock and rib 


Section A-A 



Half section B-B \ Half section P- C 


Section A-A 


Fig. 6/9. Excavation process with protruded crown bars (after Proctor and White) 


bigger roof deflection and higher rock pressures are incurred than those encount¬ 
ered in the one-stage support methods described previously. 

Both bench and heading are shot out at each round (Fig. 6/7), the bench charges 
being fired first. The heading shots throw most of the heading muck out into 
the bench muck-pile which is under the protection of the steel support erected 
after the preceding round. The first thing after blasting is to place the wall plates 
and to erect the ribs bearing on them. Muck which hinders the work can be swept 
aside on the top of the spoil from the bench, the removal of which can be postponed 
or accomplished at once by the use of loading machines. The depth of the bench, 
i.e. the length of the top heading is about 2-5 m (7-17 ft). 
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Intliis working process the type of steel support to be used is limited to one 
which includes a wall plate, either the ‘Rib and Wall plate’ type or the ‘Rib Wall 
p ate and Post type. This latter type may be .supplemented by ‘truss panels’ or 
crown beams to sustain suddenly increased roof loads due to fauks or to anv 
unexpected change in stratification conditions. When excavating tunnels of larger 
cross-section safety can be increased by driving separate side drifts ahead from 
the face for the installation of wall plates and posts prior to the excavation proper 
of the heading. Another modification of the method consists in excavating only 
one part of the upper heading in the form of a drift for a preceding installation 
or the roof support (cf. mining methods). 

The crown bars (see Fig. 6/9) may be built up of double steel-channels or may 
be plain H-beams or square timbers. They either rest upon the outer flanges of 
the nbs or are attached to them by hangers. Their role is actually similar to that 
of forepoles (cf. Section 62.111), their double purpose being to afford: 


(a) A direct support to the roof immediately after ventilation-following the 
blast, and thereby gaining time for the installation of ribs. 

(b) Support to the roof or roof-ribs over the bench shot thereby relieving or 

supplementing the wall plates. 


(In case of a sudden increase in the rock pressure emergency crown bars for 
immediate support may be required. These may also be successfully combined 
with other tunnelling methods when attacking the face.) Crown bars have to be 
supported in front by ribs resting upon the wall plates, and in the rear by ribs 
supported by finally installed posts. The manipulation of crown bars, though useful 
in some cases, undoubtedly requires considerable extra work at the most awkward 
place in the tunnel, i.e. in the crown. If immediate support is required their use 
cannot be avoided. Should, however, even the wall plates be unable to carry the 
transferred load, then another type of auxiliary structure has to be used which 
eliminates the crown bars and even the wall plates themselves. This structure is 
the ‘truss panel' (Fig. 6/10). Its purpose is to form, in combination with the ribs 
a truss to span the gap produced by the bench shot. It is generally long enough 
to overspan at least two or more rib-sets so enabling the work to proceed more 
rapidly. Truss panels are attached to the inside face of the ribs by two bolts at 
each nb. They may be designed to carry the roof over two bench shots, if required. 
The initial cost of a set of truss panels is less than that of continuous wall plates, 
the labour cost of moving them is much less than that of handling crown bars' 
(The working principle is similar to that of the needle beam; see Section 62 41 ) 
Members of a temporary tunnel-support, which span over the spaces between 
the mam supporting ribs are denoted by the term‘lagging’. Lagging can be made 
either of wood or steel. Wood lagging consists of hard-wood planks, 8-10 m 
(3-4 in) thick and 15, 20, 25 cm (6, 8, 10 in) wide, cut to lengths slightly less than 
the rib spacing. These are generally placed on the outside flange, but occasionally 
may be placed against the inside flange of the ribs and may be spaced or tight. 
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Fig. 6/10. Turnout of ribs upon truss panels (after Proctor and White) 


Steel lagging may be composed of rolled channels, pressed steel channels of 
various forms, rolled H-sections placed on the ribs, or of pressed liner plates 
bolted together (Fig. 6/11), or of corrugated purlin-plates attached either to the 
rib-flange or placed on purlins (Fig. 6/12). Frequently, trough-shaped shed-water 
plates are used with or without purlins. These also maintain the distance between 
sets (Fig. 6/13). 

One undeniable disadvantage inherent to steel supports is that they are less 
adaptable to changing rock-pressure conditions than are wooden supports. 
Should, namely, the same tunnel cross-section be maintained, the spacing of 
ribs and the length of the lagging must be altered, while, when maintaining the 
spacing, the structural strength of the ribs must be altered. Even so, this method 
is the one usually employed. 

There are, however, some self-adjustable support systems in use which are 
freely adaptable for carrying increased loads. These are called yielding supports 
as opposed to the rigid ones already dealt with, and are divided into the following 
three basic types: 
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o) 



Fig. 6/11. Various steel lagging elements: (a) liner plate; 

(b) spile (sheet pile, after Proctor and White) 


(a) Sliding friction supports which retain their shape while getting shorter by 
sliding, so affording a high resistance against bending moments and a relatively 
low one against axial forces. 

(b) Articulated or hinged supports which do not preserve their shape under 
an increased load, offering, thus, a relatively low resistance against bending 
moments (torsional effects) and a high one to axial forces. 

(c) Combined supports incorporate the characteristic features of both previous 
types. They slide when the axial load exceeds a certain limit, and deflect when 
bending moments grow beyond a given value. This type of support involves con¬ 
siderable participation by the neighbouring rock. 
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In European practice - especially in the mining industry - Toussaint-Heinz- 
mann rings (briefly T.H. rings) and Moll ribs are in general use. 

T.H. ribs are supports of the sliding friction type with bell-shaped sections, 
affording, thus, a fairly good seating besides high horizontal rigidity. A T.H. rib 
consists of three parts: a crown segment and two legs attached to the crown 
segment by bolted friction clamps. Their contact surfaces can slide on each other 
under an increased load in proportion to the change in rock loads, and this dis¬ 
placement can be regulated by tightening or loosening the clamp-bolts. T.H. ribs 




Fig. 6/12. Purlin-plate and steel sheet-pile lagging (Proctor and White) 


Connection detail 


Without bottom pressure 



Fig. 6/13. Types of Toussaint-Heinzmann supporting bents used in Hungary 


38 Sz6chy: The Art of Tunneiiing 
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are, therefore, typical yielding supports. The spacing of ribs varies according to 
rock pressure and can be reduced to 0-35 m, with a consequent omission of any 
lagging. T.H. ribs, when yielding to excessive rock pressures, imply a high safety 
against failure, being especially suitable for temporary supports for a considerable 
service period. In Hungary the T.H. ribs shown in Fig. 6/13 are used by the mining 
industry for the support of transport drifts designed for long service and exposed 
to rock pressures acting from all directions. As an open profile is not capable 
of resisting bottom upheaval, full rings composed of four segments are used in 
such cases. The exact excavation of the tunnel section, the installation of the sup¬ 
porting rings or ribs, and the placing of the lagging require skilled and careful 
work, and the recuperation of the rings must be effected before excessive rock 
pressures are developed, in order to anticipate their irreparable plastic defor¬ 
mation. 

The articulated support type is represented by the Moll ribs used chiefly in 
solid rocks. In plastic rock deformation resulting in twisting or buckling of the 
support elements is almost unavoidable. Moll ribs used in the Hungarian mining 
industry are shown in Fig. 6/14. These ribs are composed of old rails or tubes 
with concave bearing-shoes welded to their ends. Articulation of the structure is 



obtained by timber logs placed at the crown and at both spring lines between 
the shoes of the respective segments and running parallel to the centre line of 
the tunnel. 

This support system is used again in transport drifts of a more permanent 
character, where roof pressures are prevalent, and side and bottom pressures 
are of secondary importance. Moll ribs must be thoroughly braced and provided 
with a tight lagging. The tunnel section must be excavated accurately also in this 
case and eventual overbreaks tightly back-packed. Three piece Moll ribs, d-shaped 
and closed at the bottom (Fig. 6/14 on the left side) are used in swelling ground 
(cf. adits). 
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Fig. 6/15. Structural steel ribs to be used as rigid reinforcement 


Combined types of yielding supports afford both possibilities to deformation. 
There is however some difficulty in providing for a hinge-like action, as it is hard 
to make it sufficiently resistant to increased loads. A combined type of support 
is exemplified in the Lorenz frame. 

A detailed specific discussion of the temporary support types to be converted 
to rigid steel reinforcing elements of the permanent tunnel lining, may well be 
omitted here as any of the previously introduced yielding steel-support systems 
would be suitable to act against smaller initial loads and to become later - with 
this economical prestress - incorporated as reinforcement into the permanent 
concrete lining and to resist the increased loads developed in the meantime 
(Fig. 6/15). It is but natural that, in order to promote a better co-operation with 
the concrete, the use of sharp edged profiles should be avoided where possible or, 
at least, their splitting effect should be reduced by using an ample quantity of 
wrapping lateral stirrups which, simultaneously, form part of the structural distri¬ 
butive reinforcement. 

61.312. Wooden supports (timbering). The supporting methods described above 
can also be effected by the use of timber supports. The easy workability of timber, 
its adaptability to the variation of rock pressures, its relatively small weight. 
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its warning squeaks when overloaded, and its apparent deformation when punched 
are all in favour of the use of timber. Its main disadvantages are the ever increasing 
difficulty of satisfying timber demands, its lower structural strength, the bigger 
dimensions required, its liability to decay and the very limited possibilities for 
its re-usage. In conclusion, lately there has been an increasing trend from 
wood towards steel. This is due, however, mainly to economic reasons. 



Steel support 


Timber support 


The use of steel reduces very considerably the number of skilled workmen 
required to erect the support and it increases the speed of tunnel driving as it cuts 
hours off the excavation cycle. (Steel supports can. be erected in minutes instead 
of hours; they require a smaller excavation area so reducing drilling, mucking, 
backpacking time and labour considerably. (The difference is clearly shown in 
Fig. 6/16, e.g. 200 mm steel girders can be used instead of timber logs of 30-40 cm 
dia.) 

In addition, steel encased in concrete may constitute a permanent lining and 
need not be removed after the setting of the concrete. 

This has again an influence upon the dimensions as is made clear in the same 
figure. Steel supports can be placed within the concrete section, while timber 
must be left outside the concrete lining. Finally, there is usually some water per¬ 
colating into the tunnel, which coupled with the moisture content of the venti¬ 
lating air and with evaporation, makes timber always moist, if not wet. This pro¬ 
motes decay and affects the permissible fibre stress and deformation of the 
timber. 
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Otherwise, the systems for timber support for the whole tunnel section are 
similar to those for steel supports, with the sole exception that its alignment at 
the roof cannot be arched but must be polygonal. 

Lagging consists, of course, also of timber poling boards. Whenever the exca¬ 
vation and the support are not done at once for the full tunnel section as a whole, 
timber support finds a wider use, as will be seen in the discussion on classic 
(mining) tunnelling methods (see Section 62.11). 

61.313. Support with reinforced-concrete structures. The ever-spreading use of 
precast and more especially of prestressed reinforced-concrete structures has 
brought reinforced-concrete elements into use recently as temporary supports in 
tunnels driven by the full-face method. Though this is chiefly due to the need 
to economize in steel and timber, reinforced-concrete elements may claim the 
great advantage that they can also be incorporated into and constitute an integral 
part of the permanent lining. Their great disadvantage, on the other hand, is their 
heavy weight and, in conjunction therewith, the difficulty of their handling and 
installment. In small section tunnels their load-bearing capacity cannot be fully 
utilized, and in large tunnels the weight of reinforced-concrete ribs increases to 
such an extent that their erection necessitates the use of mechanical hoisting 
cranes. An attempt has been made in some cases to apply precast reinforced- 
concrete roof pieces 6 4 for the internal support of larger underground halls. These 
structures, however, have not found wide application in practice, chiefly because 
their weight and their laborious and difficult installation did not allow them to 
compete with simpledmek masonry or with in-situ cast concrete vaults. 

61.314. Rock bolting. The field of application of the full-face tunnelling method 
has recently been extended by the development of the roof bolting or rock bolting 
method. This is applied mainly not as a temporary, but as a permanent support. 
The main points of this method are, according to Rabcewicz 6 5 (Fig. 6/17), 
as follows: 

When advancing the tunnel face by a length f (the pull attained in a single 
round), the half dome like double arching effect (described in Section 35.1) will 
be produced as a consequence of the loosening and expansion of the overlying 
strata (cf. Figs 3/47 to 3/49). The time for which this pressure arch will give 
a reliable support, i.e. the bridge action period, depends upon the geological con¬ 
ditions, the span f and the diameter of the tunnel. It will last for some hours, 
however, even in weathered or strongly jointed rocks for spans used in practice. 
If, however, no support should be installed within this period the rock in the roof 
will begin to spall off, involving a gradual rise of the pressure arch in a tendency 
to obtain stability by decreasing the spans in conformity with the bearing capacity 


6 4 Cf. Janosi, J. : Eloregyartott vb. elemek hasznalata foldalatti esarnokok fodemszerkeze- 
tenel (The adoption of prefabricated reinforced-concrete elements for roof structure of under- 
ground halls), Ep. es Kozl. Tud. Kozlemenyek II 1 55 

65 Rabcewicz, L.: Bolted Supports for Tunnels, Water Power 1954 150 and 1955 452 


598 


CONSTRUCTION AND DESIGN OF TUNNELS 




Fig. 6/17. (a) Principle of roof bolting after Rabcewicz; 

(b) spacing of roof bolts to form a flat arch 

of the rock. The purpose of roof bolting is now to set anchoring bolts of lengths 
exceeding the thickness of this fractured zone radially into the still undisturbed 
rock layers within the bridge action period, to establish by this a resistant rock 
vault of suitable thickness able to counteract rock pressures, and to anticipate 
thereby the successive ravelling of the overlying rock masses. 

Experience shows that this natural roof arch, liable to progressive ravelling, 
has a parabolic shape and its thickness does not exceed l x j 2. Therefore, the length 
of the roof bolts cannot be less than l t or below the double thickness of the assumed 
deteriorated zone. For safety measures, however, the length of rock bolts / must 
be bigger than l ± , I > b\ 3, or / > b/ 4, as it is reasonable to bring the bolt length 
in line with the width of the cavity. This protective rock vault so established will 
be effective only for the time before it disintegrates. With due regard to this, 
the bolts must be installed and fixed within the bridge action period and the bare 
interfaces between rock bolts should be lined with a wire mesh and sprayed with 
gunite. 
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Thus, with the aid of rock bolts a load-carrying ring is formed from the rock, 
in which not only tangential but also radial stresses are induced, these latter 
having a favourable effect on the stability of the rock vault. With regard to roof 
bolting Talobre 66 makes the following observations: 


Fig. 6/18. Natural 

rock arch produced 
by roof bolts 



1. The extent and dimensions of roof bolting depend upon the nature of the 
rock. Roof bolts in less firm rocks are to be spaced more closely and must also 
be longer. Plastic ground is completely unsuitable for roof bolting. 

2. The thickness of the load-bearing rock vault to be formed must be able to 
resist and carry the expected loads. 

3. The length of the rock bolts should be at least equal to the thickness of the 
rock vault plus the mean distance between adjacent bolts (Fig. 6/18). 

4. The spacing of rock bolts should be as uniform as possible. 

The dimensioning of roof bolts and their spacing must conform to that of the 
rock vault, i.e. the thickness of the vault required to carry the expected loads 
must be calculated first. 

Let us, for example, assume that a cavity of 2-5 m (8 ft 4 in) inner radius is 
loaded by 3 ton/m 2 . A rock vault of 1 m thickness is to be formed around the 
excavation by using roof bolts 2 - 5 m in length, thus establishing a ring-shaped 
rock vault of an external radius of: 

/ 2-50 

R = r + — = 2-50 + —— = 3-75 m . 


6 6 Talobre, J.: La mecanique des roches. Dunod, Paris 1957 254 


600 


CONSTRUCTION AND DESIGN OF TUNNELS 


The normal force acting on this ring will be: 

N = pR = 3-0 t/m 2 x 3-75 m = 11-25 t. 

Assuming now (after Section 32.23) that the minimum radial stress relative to 
the normal force of 11-25 tons will be 2 t/m 2 , a force of l-5 2 x2 = 4-5 tons will 
fall on each rock bolt if spaced at 1-5 m for structural reasons. Consequently, 
the bolts are to be prestressed, for safety reasons, by a force of 2 x 4-5 = 9-0 tons. 

Though a roof-bolted rock vault, clearly, can be employed only in arched tun¬ 
nels, yet roof bolting can also be satisfactory in flat-roofed tunnels. In the latter 
case, the composite action of the respective rock layers is secured only by contact 
friction. Nevertheless, its magnitude can be considerably increased by roof bolts, 
if applied as shown in Fig. 6/17b, when they will effectively resist principal tensile 

stresses due to shear, similarly to the 
bent-up reinforcing bars in a‘ concrete 
□.’ fS beam. 

The spacing of the individual roof bolts 
must be determined according to their 
diameter and length. If, e.g., a load of 
12 tons (equal to the weight of a rock 
volume of 4-5 m 3 , having a density of 
2-65 ton/m 3 ) is to be transferred safely to 
a 25 mm dia bolt 2-50 m in length, each 
bolt will be capable of anchoring A roof 
„ 12 

area of————— = T8 m . In inclined 
2-5x2-65 

or vertical stratifications, or under other 
particular geological conditions, the 
thickness and dip of the layers and the 
nature of the rock will be the govern¬ 
ing factors. 

According to their system of anchor¬ 
ing, rock bolts can either be simple steel 
bolts with slotted ends used in conjunc¬ 
tion with wedges, or special steel bolts 
fitted with ‘expansion shells’ (Fig. 6/19). 
Flaring bo/ts Slotted-end bolts with their inserted 

wedges will be pushed into the bolt holes 
and then pressed against the bottom of 


Fig. 6/19. End fittings of roof bolts 
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the hole and hammered. As a result of this, their slots will expand. With the other 
type, a shell or a double wedge encircling the head of the bolt will open up on 
tightening the bolt. The success of rock anchoring will depend upon whether the 
deformation of both the bolt and the rock can be avoided or not. If it were possible 
to prevent the slightest crumbling ajid subsidence of the rock, a load-bearing rock 
vault could be formed by rock bolting theoretically even in pure sand. This method 
of roof suspension, i.e. the formation of a natural rock vault, is in principle similar 
to the pre-stressing of load-carrying steel stuctures. Another method is the suspen¬ 
sion of loosened lower roof layers or of a tunnel lining of inadequate load-bearing 
capacity on firm and load-bearing upper rock layers. This latter procedure depends 
entirely on local geological conditions, and can be considered as the supporting 
of the tunnel lining or lower layers of inadequate load-carrying capacity by rock 
bolting, considerably reducing thereby the bending stresses induced in them. 

The preceding considerations attribute the beneficial effect of rock bolting either 
to the anchorage of loosened lower roof layers into the upper lying solid one, or 
to the establishment of a load-carrying ring brought about by the tensioned bolts 
holding the fractured mass together and thus increasing considerably its compres¬ 
sive and bending strength. 6 63 

R. RiCHTER 6 6b claims however that the real merit of roof bolting is lying in 
an essential modification of inner stress conditions within the affected area, which 
is secured by the fact that the applied bolts are impeding and restricting consider¬ 
ably the inner strains of the mobilized zone and thus lead to an essential reduc¬ 
tion of inner stresses, which are responsible at last for inner stability and bearing 
capacity. 

This assumption seems to be somewhat proved also by the experiments of 
Tincelin 66c who found that inclined and pretensioned bolts are more efficient 
than normal ones. 

As to the dimensioning and spacing of rock bolts Straka 6 6d has given also an 
approximate method, which is giving somewhat more theoretical support to actual 
computation work, although the most reliable way for the determination of the 
bearing capacity of a rock bolt still remains the previous pulling test executed 
at the site. 

Recent tests with roof bolts have shown that their position and, thus, the measure 
of their prestress cannot be regarded as constant in time, as the bolts tend to slide 
gradually outwards. This process is rather fast at first, and slows down gradually. 
In the first ‘sudden’ phase of this slip, a ‘play’ due to the actual incorrect setting 

6 Ba See No. 5166. Report of Investigations U. S. Bureau of Mines, 1956 March 25 

*•“’> Richter, R.: Grundlegende Betrachtungen zum Ankerausbau. Bergbauwisssenschaf- 
ten, 1964 11 

idem. About Rock Bolting. Publ. of the Techn. University for Heavy Industry, Vol. XXIII 
Miskolc, Hungary, 1963 

6 ' 0l: Tincelin, E. et. al .: Le soutenement suspendu ou boulonnage. Reveue de VIndustrie 
Minerale No. B. 2.15.4. 1961 

6 ed Straka, J.: Kotvenl stropu podzemnich vyrubu. (Support of subterrainean cavities by 
roof bolting). Inzenyrske Stavhy, 1963 



602 


CONSTRUCTION AND DESIGN OF TUNNELS 


of the bolt may have a considerable part as well as the elongation of the bolt 
under stress, while the following flattening phase characterizes the typical resi¬ 
dual deformation of the rock itself. This phenomenon clearly demonstrates that 
the permissible stresses used for calculation in the determination of the area and 
spacing of bolts, must be taken at a much lower value than the tensile strength of 
the bolt material. Considering that the tests have also indicated that the displace¬ 
ment, i.e. the extent of stress relief of the bolts, also depends upon the quality 
of rock, being the greater the softer the rock, consequently, the permissible stress 
will finally depend on the quality of the rock. Fig. 6/20 shows the recommendations 



Fig. 6/20. Admissible loads on 
bolts as a function of 
rock quality 
(after Rabcewicz) 


of Rabcewicz - based upon his test results - relating to 22 mm dia high-tensile 
steel bolts anchored by expansion shells. As can be seen, stresses approximating 
the tensile strength of the steel can be attained only in the firmest rocks. In addi¬ 
tion, it has also been demonstrated that roof bolting in rocks inferior in strength 
to shales without sand will be ineffective. In accordance with this, recent regula¬ 
tions and codes as to the dimensioning of roof bolting are already based on pulling 
tests and on the elasticity and strength characteristics of the basic rocks. 6 - 7 
The lower the bearing capacity of the rock the greater importance should be 
attributed to rock bolting and the more difficult is its application. In such rocks, 
the use of smaller diameter and more closely spaced roof bolts is advisable to 
increase the specific adhesion force and to reduce the possibility of the spalling 
out of the intermittent rock surfaces. Another method is to resort to the use of 
reinforced-concrete anchors. Reinforced-concrete anchors were first used to elim- 

6 " Hugon, A.: Le boulonnage des roches en souterrain, Le Monde Souterrain, 1960 April 41 
Hugon, A. and Costes, A., Edition Eyrolles, Paris 1959 

Schurmann: Richllinien fur den Ankerausbau. Gliickauf 1960 3 
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inate the upheaval of concrete road pavements placed upon squeezing clayey 
soil, then to stop rock squeezing in tunnels excavated in the same kind of soil. 
The left side of Fig. 6/21 shows the inward squeeze of the rock into a circular 
tunnel without reinforced-concrete anchors, while, on the right side the same is 
shown with reinForced-concrete anchors, for comparison. As can be seen, there 
is a considerable difference which might be explained by the fact that when 
proceeding inwards to the ground the specific squeezing value is diminishing as 
a result of moisture or the increase of rock pressure, with a limited extension 



& - Daily squeeze at point "a' 

S - Total squeeze 

Fig. 6/21. Effect of reinforced-concrete plug anchorage upon the inward squeeze of ground 


zone of squeezing to a distance R. Consequently, if the anchorage extends beyond 
this distance, the inward movement of the rock can be considerably slowed down, 
or even totally prevented. This experience is of great significance when rock pres¬ 
sures due to squeezing have to be counteracted (cf. Section 31.3). As such pressures 
reveal themselves mainly at the sides and at the bottom of the tunnel, reinforced- 
concrete bolt anchorages will be most advantageously applied at these places. 
According to measurements made in the coal-mines in the German Ruhr district 
the floor upheaval of a mine drift 2-40 m (8 ft) wide when provided with rein¬ 
forced-concrete bolts amounted to 10 cm (4 in) only, while that observed on 
a section of the same drift without anchorage was 140 cm (4 ft 8 in). 
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Besides the setting of roof bolts, the wire mesh cover of the intermediate surface 
is also of great importance, not only to provide for immediate protection against 
spalling rock pieces, but also to afford a suitable base for subsequent guniting 
or concrete coating. 

Summing up, the following advantages may be attributed to roof bolting: 

1. The applicability of full-face tunnelling without support is extended to rocks 
ot lower strength, making the undisturbed and economic use of up-to-date machin¬ 
ery possible here also. 

2. It eliminates the use of timber in tunnelling which is significant not only in 
economy in timber consumption but also with regard to the reduction so obtained 
in the dimensions of the excavated section. As timber is not allowed to be incor¬ 
porated into the permanent lining, an additional overbreak is necessary beyond 
the tunnel cross-section, incurring tedious and delicate back-packing operations. 

.3. It is even more advantageous than the use of steel supports, as the erection 
of steel structures also requires the excavation of greater cross-sectional areas. 
In addition, the workers are always disposed to blast for overbreaks in order to 
avoid the cumbersome and uneconomic work of trimming. Moreover, no supports 
will be exposed to the damage caused by the rock pieces ejected by the blast. 

4. Roof deflection and subsidence, although not completely avoidable on 
account of bolt-slips, will be much smaller than when using internal supports, 
especially when the whole tunnel section is excavated by steps requiring the 
removal and replacement of supports (cf. Section 62.1 and Fig. 6/24). 

Rabcewicz made an economic comparison between two sections of an aqueduct 
tunnel constructed in New York (see Table 6/III), one of which was excavated 


Table 6/III 


Item 

Unit 

Unit price 
(Swedish crown) 

Steel supports 

Rock-bolting 

Savin 

Quan¬ 

tity 

Cost 

Quan¬ 

tity 

Cost 

Quan¬ 

tity 

Cost 

Steel 

kg 

i 

520 

520 

75 

75 

445 

445 

Timber 

m 3 

250 

01 

25 

- 

— 

01 

25 

Working hours 

hours 

10 

137 

1370 

108 

1080 

29 

290 

Excavation 

m 3 

58 

15-5 

588 

14 

812 

1-5 

87 

Concrete 

m 3 

87 

41 

356 

2 6 

226 

1-5 

130 

Shuttering 

m 2 

7 

12 

84 

12 

84 

- 

- 

Sum total 

Swedish 

crown 

3254 


2277 

1 
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under steel supports, and the other under roof bolts (Fig. 6/22). As can be seen, 
the saving in steel amounted to 80%, that in working time to 20%, and in excava¬ 
tion work to 20%, giving a total of 30% saving in costs calculated on the basis 
of Swedish price conditions. 


Fig. 6/22. Alternative methods with 
steel propping and roof 
bolting for a water-supply 
tunnel 



It must finally be mentioned that roof bolting can only exceptionally and in very 
firm and impermeable dry rock be considered to act simultaneously as a perma¬ 
nent support, too. It cannot permanently replace the tunnel lining chiefly because 
of the danger of corrosion of its bolts. If, however, the corrosion of the bolts is 
prevented (e.g. by a water-tight and air-tight coating or by the use of stainless 
steel, etc.), and the deformation process of the bolted rock can be considered to 
be completed, the construction of a separate tunnel lining can be dispensed with. 

A more recent and very important field of application of roof bolting is to drill 
the bolt holes far beyond the circumference of the advanced heading into the sur¬ 
rounding rock sufficiently long to penetrate even beyond the perimeter of the final 
tunnel cross-section, thus providing a satisfactory anchorage-support for the 
same 6 8 (Fig. 6/23a). As the stability of an unsupported roof depends on the length 
of span and on the elapse of time as well as on the strength characteristics of the 
rock, the drive of small section headings affords great possibilities for this extended 
anchorage in less solid ground. The roof of this heading will be self-supporting 
for a bridge-action period sufficiently long to permit the installation of roof bolts 
from it extending well beyond the final perimeter of the tunnel cross-section. As to 

68 Cf. Volumard, P. and Bastide, A.: Ancrage du toit en galerie avant abattages, Travaux 
1957 October 
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Longitudinal sect!an 



Cross-section 



Anchor detail 

ft— 12mm 0 round steel 
Grouted 


Bore left free fbr 
blasting 


u uis-sectiona! area F-45m 2 $40 mm 


Fig. 6/23. Roof bolting 

accomplished from 
bottom drift 


the bridge-action periods for given spans in various rocks, some general informa¬ 
tion is given by H. Lauffer 6 9 in Table 6/IV. 

61.315. Support by gunite-renderiug. A column in Table 6/IV shows the possi¬ 
bilities of guniting as a means of support (cf. Section 4.62 and Fig. 7/10). In relation 
to this it must be mentioned 610 that recently gunite rendering has been successfully 
utilized as a final support (lining) in addition to its original object of affording 
a simple insulating or protective coating against rock spalling and popping incurred 
by the redistribution of rock pressures. The considerable development of gunite 
installations has allowed a spray of aggregates with grain sizes up to 25 mm (1") 
to be used. In addition, the admixture of suitable chemicals affords better adher¬ 
ence, more rapid hardening and a greater thickness of the rendering. According' 
to Lauffer a relatively thin gunite coating offers the following advantages: 

1. Owing to its relatively high tensile strength the gunite rendering practically 
constitutes a quasi-reinforcement of the involved ‘rock beam’ which has compres¬ 
sive strength only, so enabling it to resist both bending and tensile stresses. This 
effect is considerably increased by inlaying a wire-mesh web. 

6 9 Lauffer, H.: Neuere Entwicklung der Stollenbautechnik, Osterr. Bauzeitschrift 1960 
January 

810 Cf. Rotter, E.: Anwendung von Spritzbeton, Schriftenreihe des Osterr. Wasserwirtschaft- 
verbandes 35, Springer, Vienna 
















Field of Application of Modern Support Systems Table 6/1V 



Class of ground and the 
supports usually applied 

Bridging time and 
span of the ground 

Guniting 

Rock-bolting 

Steel supports hurried in 
the permanent lining 

A 

Firm 

20 years 

4-0 m 

not reqiured 

_ 

not required 

not required 

B 

Loosening in time 
(above head 
protection) 

6 months 

4*0 m 

in a lay^r thickness of 2 to 3 cm, 
but only in the arch 

spaced at 1*5 to 2 m and using 
wire mesh but only in the arch 

uneconomic 

C 

Slightly friable 
(roof supports) 

1 week 

30 m 

in a layer thickness of 3 to 5 cm, 
but only in the arch 

spaced at 10 to 1 *5 m, only 
in the arch, applying either 
wire mesh or subsequent gunit¬ 
ing in a thickness of 2 cm 

uneconomic 

D 

Friable 

(sets of light supports) 

5 hours 

1*5 m 

in a layer thickness of 5 to 7 cm. 
sprayed on wire mesh mainly 
in the arch 

spaced at 0 7 to 10 m, mairfly 
in the arch, applying both wire 
mesh and subsequent guniting 
in a thickness of 3 cm 

occasionally, in the same way 
as under E; 

E 

Considerably friable 
(sets of heavy supports) 

20 minutes 

08 m 

in a iayer thickness of 7 to 15 
cm ; sprayed on wire mssh 

to be applied only after the 
setting of the roof (temporary) 
supports in cases where rock 
bolts spaced at 0*5 to 1*2 m 
can offer a supporting effect at 
all and immediately followed 
by guniting in a thickness of 

3 to 5 cm 

steel or concrete slabs placed 
behind steel arches 

F 

Immediately exerting ground 
pressure (forepoling without 
the use of face supports) 

2 minutes 

04 m 

in a layer thickness of 15 to 20 
cm, sprayed on wire mesh 
supported by steel arches (in 
some cases also the face is 
gunited) 

not to be adopted 

steel slabs placed behind strutted 
steel arches, with the applica¬ 
tion of subsequent guniting 

G 

Immediately exerting heavy 
ground pressure (forepoling 
and face supports) 

10 seconds 

015 m 

not to be adopted 

not to be adopted 

steel slabs placed behind strutted 
steel arches and immediately 
gunited 
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2. As a result of guniting, the rock — as with rock bolting — becomes prestressed 
to a certain extent and so promotes the formation of a load-bearing vault. 

An additional important effect, though not a structural one, is that rocks sus¬ 
ceptible to disintegration or swelling when exposed to weathering or to the action 
of moist air become immediately sealed off by the rendering from these adverse 
effects, thus preventing their development. 

3. Another great advantage of this method is that gunite coating can easily 
be repaired when fissured and when the cavity is excavated in parts, each part can 
be temporarily supported separately. 

According to the experiences described in the publications mentioned above, 
gunite rendering can be applied as a support also in detritus, crushed rock, or even 
in clayey soils with a certain cohesion (cf. Table 6/IV). Experiences as to the general 
validity of this supporting capacity are, however, incomplete as yet. 

61.316. Water exclusion by grouting. In waterlogged, fissured rocks, especially 
in karstic limestones, tunnelling can be undertaken also under the protection of 
a grouted watertight rock-mantle. In such cases the main task is to exclude water, 
inrushing under high pressure, the rock otherwise being quite firm enough to 
allow full-face tunnelling with the minimum use of supports. The main points 
of this method 611 are clearly shown in Fig. 6/23b, according to which the working 


Tunne/ profi/e 


tort,grout 


Prepacked concrete 



WHk 

Concrete bulkhead 


Fig. 6/23b. Tunnel construction scheme under the protection of a grouted artificial shield 


place, where waterlogged rock is encountered, has to be solidly packed with rock 
debris to a certain length and dammed off by a solid watertight dam made of 
reinforced concrete. From behind this dam, injection holes, inclining somewhat 
outwards, are drilled in a ring around the planned periphery of the tunnel, the 
length of the boreholes varying between 5 and 20 m according to local conditions. 
A cement-bentonite, or, in looser ground, a grout of a suspension of sodium 

611 Barbedette, R.: Percement de galeries en terrain difficile, Le Monde Souterrain 1959 
April. 
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silicate is injected under very high pressure (up to 150 atm). When the grout has 
hardened, the tunnel face will be advanced up to some metres behind the front 
of the injected zone, where, for safety’s sake, it must be stopped again for the 
drilling and injection of the next ring of injection holes. 


6.2. TUNNELLING 

IN MODERATELY FIRM ROCKS AND GROUND 

6.21. TUNNELLING BY SUCCESSIVE EXCAVATION AND LINING 
OF SMALLER INDEPENDENT HEADINGS 
(CLASSICAL OR MINING METHODS) 

It has been clearly demonstrated that the smaller the cross-sectional dimensions 
of an underground cavity, the less dangerous is its excavation, and the longer is 
the natural bridge-action period of the rock. Thus, it is an obvious and a long- 
established procedure to excavate the tunnel’s cross-section not in full-face at 
once, but in smaller parts by the driving of smaller- specially arranged individual 
headings. The arrangement and sequence of these headings should always be 
adapted to the necessary operations to be carried out in them (excavation, installa¬ 
tion and construction of temporary and permanent lining, etc.) and to the nature 
of the rock, and also to the rock pressure conditions encountered. 

It must be noted here that tunnel construction in parts implies the subsequent 
and repeated erection, dismantling and removal of various temporary supports. 
This procedure requires not only much surplus work and a considerable additional 
consumption of support material but also gives rise to additional roof subsidence 
and repeated loosening of the overlying rock, which results in an increase in rock 
pressure; all are unavoidably inherent in each dismantling and change of tem¬ 
porary supports (cf. Fig. 6/24). 

With regard to these disadvantages, the part-excavation tunnelling methods 
(usually called classical tunnelling or mining methods) are being more and more 
displaced from up-to-date tunnelling practice. 

Rabcewicz, in one of his papers, 8,12 makes a comparison between mining 
(Austrian) methods, and up-to-date steel support, and roof-bolting tunnelling 
methods. First of all, he points out the advantages of full-face tunnelling and com¬ 
pares the respective roof deflections, settlements and rock pressures taking place 
during the excavation and lining of the entire tunnel section. Fie concludes that 
while roof settlements of the order of 20-80 cm (8 in-32 in) may be expected with 
the segmental arch-timbering (Austrian) method, and, accordingly, roof loads at 
least equal to the width of the tunnel excavation are to be considered, but roof 
settlement in the full-face tunnelling method with up-to-date steel supports will 

612 Rabcewicz, L.: Effect of Modern Constructional Methods on Tunnel Design, Water 
Power December, 1955 


39 Sz6chy: The Art of Tunnelling 
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Section B-B 

A. Deflection 01 crown bore 
A 2 Sliding by unfavourable dipping 
or jointing 

A , Inadaquate soil resistance 


1. Bottom heading 

2. Top beading 

3. Enlarging upper heading 
A Enlarging lower heading 


Section A-A 

Note Ai and A 3 increased by softe¬ 
ning of rock material by water 
and by loosening from blasting 


Fig. 6/24. Superposition of crown subsidence brought about by repeated installation and 
dismantling of temporary supports in the Austrian method 


be but a few centimetres, resulting in a rock load equal to the weight oPthe rock 
layer of half the excavation width or of the unsupported span / x only. This might 
also be accounted for by the advanced mechanization in this latter case through 
which a cycle of operations can be completed in about as many days as was pre¬ 
viously required in weeks. Finally, the roof settlement in the case of roof bolting 
must be even smaller than in the previous case, and no void can be left between 
support and excavation-line, and consequently both the measure of loosening 
and that of the loosening pressure must be less than with steel supports. This 
cannot exceed, in general, the distance IJ 2, with the greatest possible value being 
not more than the length of the roof bolts, /. 

Another significant procedure used in up-to-date tunnelling practice is the solid 
pressure grouting of the voids left behind the overbreak line and lining as against 
the loose back-packing applied with mining methods. Pressure grouting provides 
not only a complete back-filling and, thus, a better support for the surrounding 
rock on all sides of the tunnel, but, by filling up the inner seams and joints of the 
rock, it substantially increases and stabilizes the strength and load-bearing and 
arching capacity, and the modulus of elasticity of the rock itself. At the same time 
it provides a certain watertightness as well as a useful prestress in water supply 
or pressure tunnels. The present endeavour is to establish tunnel constructions* 
suitering no deformations separately but only in complete unity with the sur- 
r ounding rock (see Sections 42.3 and 43.3), and resisting stresses also in that way. 
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Rabcewicz compared for a specified case the classical Austrian and the combined 
Austro-Belgian part excavation methods (see Section 62.34) with full-face methods 
using steel supports, and rock bolting, respectively. The tunnel profile is shown 
in Fig. 6/25a while the graph of costs can be seen in Fig. 6/25b. The inner width 
of the tunnel is 9 m (30 ft), with'a permissible stress for the lining of 50 kg/cm 2 



(700 lb/in 2 ) without being grouted, rising to 125 kg/cm 2 (1680 lb/in 2 ) when pressure 
grouted. In Tables 6/V and 6/VI the arch thrusts, wall thicknesses, material, work 
and cost demands are given in Swedish Kronor for 1 linear metre of tunnel cal¬ 
culated for a rock density of y = 2-5 tons/m 3 . Though the data given by Rabcewicz 
may not be considered to be generally valid, nevertheless it can be stated that 
full-face methods affording immediate support are essentially less costly than 
either the Austrian method or its improved type combined with the Belgian 
method. 

Temporary excavations of smaller cross-sectioftal area than that of the runnel 
are termed ‘headings’ or drifts when closed within the rock along their whole 
periphery, and ‘cuts’ or ‘stopes’, if they have no roof. Headings are connected 
by rises or chimneys (if driven upwards) and dips (if driven downwards). The 
tunnel’s cross-section is divided into the following three main parts: the top 
(arch) section (calotte), the core (strozze) and the bottom section (Fig. 6/26). 
The top heading and the roof arch are set in the top section, while the core is 
bounded by the side walls, and the bottom heading and the invert are placed in 
the bottom section. 

The excavation of a horseshoe section tunnel can be carried out according to 
the patterns shown in Fig. 6/27. The methods can be well classified into the two 
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Table 6/V 




Segmental arch 1 
(Austrian method) 

Full-section excavating 

methods 



Thrust 

Wall thickness 

Steel posts and ribs \ 

Roof-bolting 



Quan¬ 

tity 

theoret¬ 

ical 

prac¬ 

tical 

Quan¬ 

tity 

V 

u _ 

C « 

4) CJ 

.C •" 

prac¬ 

tical 

Quan¬ 

tity 

<5 

W 

O cj 
o U 

■£ 

prac¬ 

tical 



(0 

(cm) 

to 

! (cm) 

1 to 

(cm) 

Circular arch 

Vertical rock 
pressure 

137 

27 

27 

75 

15 

25 

42 

8 

15 


Pressure 

grouting 

134 



134 

H 


134 ' 



Circular arch 

Inclined rock 
pressure 

144 

29 

29 

81 

16 

25 

45 

9 

15 


Pressure 

grouting 

134 

11 


134 

11 


134 

11 


Composite 
curve arch 

Vertical rock 
pressure 

| 175 

35 

35 

93 

19 

25 

52 

10 

16 


Pressure 

grouting 

188 

1 

16 


198 

16 


198 

16 



Table 6/VI 





Austrian 





Method 


Classical 

1 

Improved 
(Belgian com- , 
bined) 

Supporting 
with steel ribs 

Roof-bolting 

Item 

Unit 

Costs in 
Swed. Kr. 

Quan¬ 

tity 

Unit 

price 

Quan¬ 

tity 

Unit 1 
price 1 

Quan¬ 

tity 

Unit 

price 

Quan¬ 

tity 

Unit 

price 

Working time 

hours 

6 

379 

2274 

254 

1524 

149 

894 

106 

636 

Shuttering 

m 2 

26* 

20 

104 

20 

104 

20 

52 

' 20 

52 

Concrete 

m 3 

5-2** 

50-0 

20-7 

1035 

101 

505 

8-8 

440 

66 

330 

Pressure 

grouting 

m 3 

110 

*** 


4-2 

462 

2-2 

242 

10 

110 

Overbreak 

m 3 

28 

13-4 

375 

3-1 

87 

2 

56 

- 

- 

Labour costs 

value 



2274 


1524 


894 


636 

Material costs 

value 

* 



1514 


1158 


790 


492 

Sum total 

Swed. 

Kr. 

1 


3788 


2682 


1684 

1 

1128 


Noles: * Steel shuttering; ** Wood shuttering; *** No pressure grouting computed. 
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(Top section) 
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Spring line- 
drift 
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following groups, depending 
on whether the lining is con¬ 
structed in one single course 
or in subsequent courses. In 
the first case, the lining can 
be constructed by one of the 
following methods: 

(a) The method most fre¬ 
quently used is to break up with 
a rise from the bottom head¬ 
ing to the top section and to 
excavate a ring in a predeter¬ 
mined length. The excava¬ 
tion is carried out from the 
top to the bottom according 
to the pattern shown in Fig. 

6/27a, in which case hauling 
(in heading No. 1) and exca¬ 
vation (starting from heading 
No. 2) can be carried out in¬ 
dependently and simultaneously. When the excavation of the ring is completed 
in this given sequence, the lining will be erected from the bottom to the top un¬ 
interruptedly within the whole width of the excavated ring. 

This method has the advantage that not only does it afford good transport 
conditions but also by its use a considerable number of working faces are possible 
and, consequently, there is a high rate of advance. Its disadvantage lies in the 
insufficient ventilation of the working drifts. 


\Side drift 


! I 

LI _ 




k 


-L 


Core 

(Strove) 

Bottom 

/ ^ heading . 
' |T\ (drift) / 

. \ 

A 


Bottom section 




-Invert arch 


Fig. 6/26. Terminology of tunnel parts 


(b) Another frequently used method is the benching (or strozze) method with 
successive underhand stoping in the sequence given in Fig. 6/27b. In this case also 
the lining will be constructed from the bottom upwards. Here, haulage and exca¬ 
vation cannot be entirely separated and a frequent translocation of the rail tracks 
is necessary but, on the other hand, good ventilation and clear and undisturbed 
working conditions are assured. 

(c) Finally, the third method of the first group comprises successive overhand 
stoping upwards from below in the sequence shown in Fig. 6/27c. It may be used 
only in firm rocks which do not require any roof support. The lining masonry is 
again constructed upwards from below in one single course as in the previous 


cases. 

The methods of the second group include the effecting of the excavation 
and the lining construction in alternate cycles. 

(a) One alternative is the top section excavation (Belgian) method in which 
the top section of the tunnel is excavated first starting from a top heading in 
a predetermined ring-length, to be followed by the erection of the top arch sup¬ 
ported by the rock itself or by wall plates. This is followed by the excavation of 
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Table 6/V 



Segmental arch 1 
(Austrian method) 

Full-section excavating methods 

Thrust 

Wall thickness 

Steel posts and ribs 1 

Roof-bolting 

Quan- 
tity l 

theoret¬ 

ical 


Quan¬ 

tity 

O 

u — 

C 5C 

V u 

Si •*" 

prac¬ 

tical 

Quan¬ 

tity 

theoret¬ 

ical 

prac¬ 

tical 

(0 

(cm) 

(0 

(cm) 

a) 

(cm) 

Circular arch 

Vertical rock 
pressure 

137 

27 

27 

75 ! 

15 

25 

42 

8 

15 

Pressure 

grouting 

134 

11 


134 

11 


134 

11 


Circular arch 

Inclined rock 
pressure 

144 

29 

29 

81 

16 

25 

; 45 

9 

15 

Pressure 

grouting 

1 134 

11 


134 

11 


134 

11 


Composite 
curve arch 

Vertical rock 

1 pressure 

175 

35 

1 

35 

93 

19 

25 

52 

10 

16 

Pressure 

grouting 

188 

16 


198 

16 


198 

16 



Table 6/VI 






Austrian 

| 


1 



Method 

1 

Classical 

Improved 
(Belgian com¬ 
bined) 

Supporting 
with steel ribs 

Roof-bolting 

Item 

Unit 

Costs in 
Swed. Kr. 

Quan¬ 

tity 

Unit 

price 

Quan¬ 

tity 

Unit 

price 

Quan¬ 

tity 

Unit 

price 

Quan¬ 

tity 

Unit 

price 

Working time 

hours 

6 

379 

2274 

254 

1524 

149 

894 

106 

636 

Shuttering 

m 2 

2-6* 

20 

104 

20 

104 

20 

52 

20 

52 

Concrete 

m 3 

5-2** 

50-0 

20-7 

1035 

101 

505 

8'8 

440 

6-6 

330 

Pressure 

grouting 

m 3 

110 

*** 


4-2 

462 

2-2 

242 

10 

110 

Overbreak 

m 3 

28 

13-4 

375 

3-1 

87 

2 

56 

— 

— 

Labour costs 

value 



2274 


1524 


894 


636 

Material costs 

value 



1514 


1158 


790 


492 

Sum total 

Swed. 

Kr. 

1 


3788 


2682 


1684 


1128 


Notes: ’Steel shuttering; ’’Wood shuttering; ”• No pressure grouting computed. 
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a central cut from which narrow cross-cuts are made to both sides at intervals, 
from which the masonry arch is underpinned, first in a column-like manner, 
and then the underpinning is extended over the whole length (Fig. 6/27d). 

(b) Should the ground not be firm enough to support the top arch the side walls 
have to be installed first. This is done from headings driven on both sides of the 
bottom section, followed by the driving of a separate top heading from which 
the calotte is excavated and the top arch constructed, bearing upon the side walls 
built previously (cf. German method). The core (strozze) will only then be removed 
from the ready-made tunnel section (Fig. 6/27e). 

(c) In a very loose ground, the invert and the lower part of the side walls have to 
be made first to provide a safe bottom-support (cf. Italian method). A central 
drift is started and driven at the bottom for a very short distance. Cross-drifts 
in which the invert arch and the upper part of the side walls are constructed step 
by step are excavated from it on both sides. Advancement at the bottom half is 
effected by the repetition of this cycle. Step by step again, the driving of the top 
heading then follows. From this the calotte is excavated subsequently on both 
sides, and the top arch is erected, supported on the top of the previously built 
side walls (Fig. 6/27f). This method constructs the tunnel in very small consecutive 
steps. 

Before giving a brief survey of classical tunnelling systems (mining methods) 
developed from the main principles given above, the construction and driving 
of the separate excavation and construction units employed, i.e. the headings, 
the rise, dips and cuts will be first dealt with. 


62.11. Scope and Construction of Headings 

Headings are mainly used for working and haulage purposes (working or 
haulage headings, respectively). This distinction is of significance also for the 
period of use and, thus, also for the structural strength of the respective heading. 
In addition, headings are also important in geological exploration, direction 
control, and for housing various service lines and for drainage. 

Tunnel construction is usually started by driving pilot headings (entries) at 
both tunnel adits. These pilot headings serve not only for setting-out the tunnel 
and the exploration of soil and hydraulic conditions, but they constitute an integral 
part of the tunnel construction from the very beginning. Muck is excavated through 
them, and they are the starting points - with certain tunnelling methods - for the 
gradual and successive enlargement of the excavation and lining of the final 
tunnel section. The pilot heading reveals the geological profile through the 
whole length of the tunnel, and also provides points of attack for the excavation 
and subsequent lining at any point of the tunnel — even at several spots simul¬ 
taneously. The haulage track, ventilation duct, electric, compressed-air and other 
service lines are all installed in the pilot heading. Its driving also exerts a relieving 
effect upon the surrounding rock; at the same time it provides for the collection 
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and drainage of ground water from the working places (adits). The pilot heading 
is, thus, an important part of tunnel construction, and with due regard to this, 
the choice of its location and dimensions is of decisive importance, necessitating 
the consideration of a great many factors which depend, largely, on the tunnelling 
system chosen. 6 

Pilot headings, in principle, can be either bottom or top headings. For opera¬ 
tional purposes it is more advantageous to place the pilot heading in the lowest 
part of the tunnel, i.e. to drive a bottom heading. Though this choice is of no 
consequence in the setting-out of the tunnel, the rail tracks for the transport of 
materials are laid to the best advantage on the bottom of the tunnel section 
so that there will be no need for their translocation throughout the whole tunnelling 
operation to effect mucking, most of which can be loaded by gravitation Similarly 
the catchwater drain (with a section of 30x30 cm, lined with planking in loose 
ground) is best placed m practice at the floor of the bottom heading (Fig. 6/28). 




j j j jj 11 r | j | r 




Drainage channel 


Compressed air tube 
/ electric 
conduit 


Fig. 6/28. General arrangement of bottom drift 


A heading also makes the installation of new working sites possible. Through 
side or top drifts work can also be started in the central tunnel sections. In tunnels 
located on slopes or on mountain hangs, tunnelling operations can be started 
m intermediate tunnel sections by means of cross-cuts or drifts started from out¬ 
side. Shallow city tunnels represent a special case, as their construction is usually 
started from shafts. 

In choosing the heading profile, many points have to be taken into account. 
It must be considered, which kind of temporary support can be used best, since 
the shape of the heading profile depends upon the structure employed being tra- 
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pezoidal with timber sets, circular with steel liner-plates, horseshoe-shaped with 
steel rails, flat bents and pointed arches with reinforced-concrete frames. On the 
other hand, economy and the uninterrupted flow of material transport must be 
taken into account, as well as good ventilation conditions which require cross- 
sectional areas as large as possible, while the rate of advancement and the anti¬ 
cipation of excessive rock pressures call for smaller cross-sectional areas. The most 
suitable cross-sectional dimensions are always determined by due consideration 
of the local conditions, of soil conditions, of tunnel length, and of the prescribed 
construction period of the tunnel and of the tunnelling system employed. 

62.111. Timbered headings. Timbered headings are usually trapezoidal as this 
shape is suitable for resisting both vertical and lateral pressures. The clear height 
of the headings when completed varies from 2 to 2-5 m (6 ft 8 in-8 ft 4 in), the width 
at the roof from 2-0 to 2-2 m (6 ft 8 in-7 ft 4 in), and the width at floor level from 
2-2 to 2-5 m (7 ft 4 in-8 ft 4 in). The timbering consists of frames (bents) spaced at 
1-0-1-5 m (3 ft—4 ft 5 in) distances with timber lagging supported on them. 








Fig. 6/29. Structural elements of timbered drifts with details 
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Timbering is usually made of pine wood, of even-grown and snag-free trunks. 
The required seats and joints between the single elements of the bent are of simple 
craftsmanship, such as can easily be hewn on the spot (Fig. 6/29). The timbers 
are usually butt-or lap-jointed; tenons,etc. are not used. Rafter nails are used to 
fix and keep timbers in place, while ordinary nail-work must be avoided; moreover, 
even rafter nails do not substitute for an appropriate trimming of the joining 
timber ends, nor must firm wedging of the lagging be omitted. 

The most common timber bents are shown in Fig. 6/30 for cases where no rock 
pressure is to be carried by them, their only task being to offer protection 



Fig. 6/30. Part timbering 




against rock-spalling. Lags are placed with interstices (skeleton lagging), the back 
space between them and the surrounding rock being tightly packed with rock spall. 
In fissured rock, with smaller potential rock pressures, the timber bent shown in 
Fig. 6/31 consisting of a cap, two posts and a sill-beam is employed. A strut¬ 
bracing is applied between neighbouring sets. With an adequate bridge-action 
period, when practically no immediate rock pressure is to be resisted after the full- 
face excavation, the bents are placed and the laggings simply set behind the caps 



Distance piece 


Skeleton 

lagging 

Lagging 
(placed sub¬ 
sequently) 


Fig. 6/31. Timber bents with skeleton lagging 
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and posts. In more intricate ground, Forepolint. 

but still with moderate rock pres- 

sure, forepoling has to be applied. -g^ ppk _ 

If the ground is stiff, the face of the _, [j,. MO . j:| r3ce 

heading-drift is cut down straight , |P\P 

almost at the forward end of the ; M k J r * > ' Auxiliary bent 

polings and new posts and a cap ! 1 y ! 

are set. If the ground is soft a small _.15S5 N ry- k J ^_ 

excavation, say 0-60 m (2 ft) high, ^ j _ |*|r 

under one or two polings is made ^ 'frpff 

and a short board is quickly set ver¬ 
tical under the end of the polings 
and acts as a combined breast- 

board and prop for the poling. The ~ jf ~~p n, r 

rear end of the poling is supported _____ r 

on the cap or, temporarily, on an I! MO I I m\\ ; £ / ■ 

auxiliary cap, and the face is braced j; ! V 

by breast boards (Fig. 6/32). ! \ri L 

In loose and running ground, —I - s ’-—I-V|jj--|F- — 

however, not even a one man bur- tj. ± / r r r jri | J 

row can be advanced without the /i r i i 

danger of subsidence and collapse, 

not even at depths of 60 cm (2 ft), , , s 

therefore advance forepoling must 

always be employed (cf. Fig. 6/29). - FT 

Forepoles are driven into the ground Ty . ' r L- 

(advanced support) and the excava- 1 1 ^40 I 

tion (the advancement of the face) y |; p i 

is made under their protection with f 

a cut-off length of the forepoles —Ijr^-I-*- t— 

sufficiently deep to provide for the 7 ^ 1 ^ f~\-\ f P 
stabilization of the face. With a tight rT^ 

spacing of the bents, however, fore- Fig. 6/32. Drift 

poles directed by the last cap will advancement with poling boards 

have too steep an inclination up¬ 
wards, as a result of which their front ends will lie far above the cap to 
be newly set. Consequently the forepoles must either be tilted in which case 
the ground material lying between the front ends of the forepoles and the cap 
will spall off, so resulting in a loosening of the ground, or they must be 
supported step by step from the next forepole, as shown in Fig. 6/33 (and cf. 
Fig. 6/44). 

Forepoles are supported on a bridge (sill) board, and are tightened from the 
top of the cap by packing wedges (keys) (cf. Fig. 6/29). The next row of forepoles 
can then be driven in the interstices left between the keys. These, in turn, will be 


Fig. 6/32. Drift 

advancement with poling boards 


620 


CONSTRUCTION AND DESIGN OF TUNNELS 



tightened by smaller wedges from the bridge board. Then the keys are knocked 
out and further forepoles driven at their place. 

If progressively higher pressures are encountered the caps of the timber bents 
are supported by purlins applied subsequently (Fig. 6/34a). The purlins are propped 
up at distances varying between 2 m (6 ft 8 in) and 0-5-1-0 m (1 ft 8 in-3 ft 4 in) 
depending upon rock pressure conditions. 



Fig. 6/34. Reinforced and double timbering 


Higher loads can be dealt with by the use of double or strutted timber bents 
(Fig. 6/34b). In this case each timber bent is strengthened, at the time of its 
setting instead of later. An important part of the double bent is a roof beam 
placed longitudinally, by the use of which the span of the cap is reduced. 
This longitudinal beam is supported by inclined struts from shorter side props. 
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In case of lateral rock pressures bot¬ 
tom purlins are also installed, braced to 
each other by bottom struts (Fig. 6/34b). t~ 
All strengthenings of this type consid¬ 
erably reduce the clearance of the \m 

heading, leaving, e.g, from the originally 
trapezoidal section of 3 nvx 2 m (10 ft x 6 _L_ 

ft3in) a section of only about 2-2 m+_ 

1-4 m (7 ft 4 in x 4 ft 8 in) so impairing 

haulage and working conditions in the P IC 

heading. 

The dimensioning of timber bents may 
be illustrated by the following example (Fig. 6/35): 


'45‘-<P/2 


Fig. 6/35. Numerical example 


The vertical rock pressure acting on headings can be taken, after Da vidov, to have a parabol¬ 
ic form with a peak ordinate: 

h - ai 

"t r ’ 

Jkr 

where a x = a + h tan (45°— 0/2) 

f kr = tan <p (after Protodyakonov) with granular soils or up to 1 % of the cub 
strength in solid rocks (cf. Section 32.324). 

If the width of the heading is 2 a = T8 m, its height h = 2'2m and the thickness of the 
overburden H = 12 m with y = 1-6 t/m 3 , 0 = 35° and tan <f> = 0-7, then 


a x = ——H 2-2 tan (45° - 0/2) = 2 09 m, 
209 

h, =- - 3'0 m . 

1 0-70 


The height of the ground column loading ( h ') at the edge of the heading is 

and the vertical pressure acting at a distance x from it is 


p = T6x3 


4-b 


4 8 (1 - 0-228x 2 ) , 


assuming the average rock pressure value as acting at a distance of x = 0'3 m 
p = 4 8 (1 - 0 228 X0-3 2 ) = 4 7 t/m 2 . 

If the spacing of the timber bents is taken as 0-8 m, the moment acting on the cap will be: 


1 - 0 2 

0-8 X 4-7 —— = 1-52 tm = 152 000 kgcm. 
8 
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Calcuiating with a permissible stress of a = 100 kg/cm 2 for timber, then 


M 

W = — 


o 


whence 


d 3 ?i 152 000 
32 100~ ’ 

d = 23’4 cm eg 25 cm. 


If, e.g.,no round (log) timber of such a dia is available, the problem can be solved by 
installing longitudinal roof girders under the caps (double set), in which case its span will 
be reduced to half, and the acting moment to a quarter of its former value. Hence, e.g., a 
cap dia of 


di = 


152 000 X 32 i 


4+100 


I — 15-7 cm 


would be sufficient. 

The compressive force acting upon a prop will be 


N = 4'7 


1-8 x 0-8 
~2 


= 3-4 t 


The bending stress from lateral loading is calculated for a lateral pressure of 
h 2 = h tan (45° - <p/2 ) = 2-20 x 0-52 = 1 12 m, 

Pi = h > y tan 2 (45° — <t>/2) 

= 1T2 X 16 x 0 27 = 0-484 t/m 2 , 

from which the bending moment acting upon the props spaced at 0 8 m will be: 


Thus 


M = 0-128 

N 

F " 


0-484 x 0-8 (2-2 - 0 3) 2 


M 

K 


2 

3400 X 4 

d' 1 7i 


0-09 tm = 9000 kgem . 


9000 X 32 

+--= o k kg/cm 2 


where a k = the permissible bending stress reduced according to buckling length. 

If, e.g., a k = 50 kg/cm 2 , the solution of this mixed equation of third degree will be 

d ^ 15 cm, 

which dimension must perhaps be rounded up or off according to available supply. 

62.112. Headings with steel supports. The most simple steel supports used in 
headings are the T.H. and Moll ribs mentioned above (cf. Section 61.311), and 
widely employed in Hungarian mines in haulage roads and ventilation drifts. 
Wooden planks or, most recently, reinforced-concrete boards and sometimes also 
sheet-steel piles are used as lags, applied in the same way as in timber headings. 
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However, stronger lags have to be used here because of the wider spacing of the 
steel ribs. The same structural elements can be applied also, of course, in tunnel 
driving. 

For more permanent headings, ribs of horseshoe-shaped rails with timber skel¬ 
eton lagging are frequently used (Fig. 6/36). It must be noted, however, that the 
legs of these ribs may not be placed directly on the floor because of their compar¬ 
atively small contact surface, but concrete blocks, reinforced-concrete plates or 
iron-covered hard-wood blocks must be inserted. 



sill board 

Fig. 6/36. Drift bents made of scrap rail 



Naturally, not only bent rails but any other structural steel section can be used, 
but, in general, heavily worn steel rails have proved to be the most economic. 
Likewise, corrugated or ribbed steel plates or prestressed reinforced-concrete 
planks can be used instead of timber lagging. 

However, some disadvantages are also inherent in such steel supporting struc¬ 
tures inasmuch as they are suitable for headings of constant cross-sectional dimen¬ 
sions only, and they do not give prior warning of the increase of rock pressures 
as timber supports do by squeaking and cracking. On the other hand, they have 
the great advantages of simple installation and transfer, and suitability for repeated 
re-use. 

The foregoing steel structures are, strictly speaking, mixed structures as their 
lagging consists mostly of timber or concrete planks. 

Liner-plate headings may be regarded as purely steel structures when built 
with mining methods. Such headings were used, e.g. on some stretches of the 
subway construction in Budapest. They make a continuous steel skin consisting 
of pressed steel liner-plates bolted together through their rims. These headings 
were driven with the full face, and the rim steel segments were pressed from 6-8 mm 
C1/4—3/8 in) steel plates and had a surface area of 0-52 mx0-80 m (2 ftx3 ft) 
and were bolted into rings, the consecutive rings forming a coherent flexible skin. 
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As shown in Fig. 6/37, these lining segments have radial joints, and therefore the 
placing of the key segment (Z) from inside the ring was made possible only by 
providing it with joints of opposite inclination and by providing for two segments 
(C) with asymmetric joints to be coupled to the normal segments (N). Because of 
the flexibility of this structure the prompt and tight dry packing of the back spaces 
behind the lining is of supreme importance before excessive rock pressures can 
develop and so also ensuring the supporting effect, i.e. the composite action of 
♦he surrounding ground. 


Cross-section Longitudinal section 



The headings mentioned were driven in loose sandy, silty soils where the cir¬ 
cular cross-section is also statically the most advantageous. The rimmed segments 
were erected according to the top-heading method described in Section 62.41 
(cf. Fig. 6/63) or the heading and bench method described in Section 6.12, i.e. not 
according to the full-face method. In this case the installation of liner plates is 
started from the roof proceeding downwards and the key plate is inserted at the 
bottom finally. Headings of this type have been used also auxiliary to shield tun¬ 
nelling, partly to stabilize the face (cf. face anchorage in Figs 6/97 and 6/98), 
and partly to pro vide a proper guidance for the big (8-5 m, 28 ft dia) station shields 
(cf. Section 63.2). 
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62.113. Precast reinforced-concrete supports. The use of reinforced-concrete 
sets combined with laggings either of reinforced-concrete planks or wooden 
boards comes repeatedly into the foreground to economize in timber and steel 
materials. The considerable advantages of these sets are their long service-life 
and the relatively high strength obtained with comparatively little reinforcement. 
Their disadvantages include their great weight, rigidity, difficulty in handling and 
transport, and lack of workability. Owing to the rigidity of concrete accurate 
fitting, wedging and bracing of these elements also present certain difficulties. 
In Fig. 6/38 the pointed arch support system of reinforced-concrete elements 
suggested for use in the construction of the underground railways at Budapest 
is shown as an example, indicating that pointed arch structures being very suitable 
in shape to resist rock pressure can be made of reinforced concrete. 

In Hungarian mining industry precast reinforced-concrete supports com¬ 
posed of elements similar to those of timber sets are now being introduced to 



Fig. 6/38. Pointed three-hinged reinforced-concrete bent 
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reduce timber consumption (Fig. 6/39), chiefly in semi-permanent drifts. The 
support consists of a cap and two inclined posts placed on a reinforced-concrete 
sill. The support seats of the respective elements are curved. Experiments have 
also been made with tubular hollow spun-concrete posts in order to reduce weight. 
Lagging consists either of wood boards (cf. Fig. 6/38) or of reinforced-concrete 
planks 5-6 cm (2-2 1/4 in) in thickness, 11-12 cm (4 1/4—4 3/4 in) in breadth, and 
90-120 cm (3-4 ft) in length. The drawback of reinforced-concrete planks 
is, again, their weight and the difficulty of handling; their main advantage being 
their long service-life and strength and the economy obtained in the use of timber. 

A more widespread use of reinforced-concrete heading frames may be expected 
probably only when the mechanization pf their erection is adequately solved. 

The weight of these supports has been considerably reduced recently by making 
the elements of prestressed concrete posts, the use of which in the uniform haulage 
drifts of mines is now being introduced. 

62.114. Headings of masonry lining. In many cases it can be both economic 
and practical to construct circular headings of brick or concrete block masonry. 
This will be reasonable either because of a demand for a long service-life when 
maintenance costs will be at a minimum if permanent supports are used, or in 
weak soils where heavy rock pressures acting from all directions have to be resisted 
even when a heading of relatively small cross-section is driven so that a closed 
ring is essential. 

Up to now the following two kinds of masonry lining have been employed in 
practice; 



Fig. 6/40. Drift, lined with precast concrete blocks 
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(a) Unyielding masonry linings are built as closed rings of bricks or concrete 
blocks with a circular, frog-mouth, or elliptical horseshoe shape. In Hungarian 
mining practice concrete-block linings are used at an ever-increasing rate for both 
permanent haulage passages and air ducts and for drifts exposed to high rock 
pressures (Fig. 6/40). Though common bricks can be used instead of concrete 
blocks, they are seldom employed because of their lower strength (the crushing 
strength of brick masonry) which is only 30-35 % that of the brick owing to the 
low strength of the mortar, and because of the long construction time required. 
While concrete blocks can be used against external pressures up to 5-15 kg/cm 2 , 
brick masonry is employed only for pressures not exceeding 3-4 kg/cm 2 . Owing 
to the deformation characteristics of concrete such masonry rings can be regarded 
as unyielding supports capable of minor deformations. In exceptional cases 
pine-wood planks or blocks may be inserted between certain block layers, most 
particularly at the abutment, to provide a certain deformation capacity. 

(b) Flexible lining-supports are used in headings of short service-life yet exposed 
to very high rock pressures. Such a support is constituted first of all by the afore¬ 
mentioned circular rim steel liner-plates with bolted joints (cf. Fig. 6/37). Here 
the flexibility or deformation capacity of the steel ring required, e.g. when exposed 
to extensive rock pressures, is obtained not only by its small thickness but also 
by the articulation of the bolted joints. 



Fig. 6/41. Flexible bottom heading lined with wooden blocks (Great Apennine tunnel) 





Fiq. 6.42. Various structural arrangements for break-ups (chimneys) 
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Another kind of flexible circular support is the lining ring made of wooden 
blocks (Fig. 6/41). Tt was used in the construction of the Great Apennine tunnel 
m a section of its bottom heading exposed to extraordinarily high genuine moun¬ 
tain pressure when all attempts to maintain the cross-sectional area required for 
the work by the usual timber supports had failed. The inner diameter of the head¬ 
ing lined with this block ring was 3-25 m (10 ft 10 in) with a ring thickness of 
0-5 m (1 ft 8 in). This lining was capable of resisting pressures even in sections 
where crown bars and props of a dia as large as 0-6 m (2 ft) were crushed under 
the rock load. The deformation capacity of wooden rings (due to the high compres¬ 
sibility and to the low modulus of elasticity of wood, especially when in a wet 
condition and perpendicular to its fibres) made the deformations produced by the 
genuine mountain pressures possible without failure of the support. 


62.12. Vertical Break-ups ancl Pits 

Interconnections between bottom and top headings or bottom and side headings 
are made by vertical break-ups (chimneys, rises), serving for the lowering of muck 
to, or the lifting of the varied construction or supporting materials from the bottom 
heading. For lifting up materials, simple winches are often used; a communication 
ladder must be provided in every break-up. In certain cases inclined break-ups 
may be used. 

Break-ups are quadrangular or circular in cross-section. In firm rocks, they 
stand unsupported or with a few timber frames at most as a protection against 
rock spalling. In break-ups with a quadrangular cross-section, timber frames 
with timber laggings are installed, while in those with a circular cross-section, 
bolted steel-plate rings are used. In loose ground, the installation of complete 
rings is likely to fail, and even timber frames have to be placed very tightly or, 
if possible, forepoling has to be employed. This requires very delicate and difficult 
work in vertical break-ups (Fig. 6/42). 

The smallest cross-section used in break-ups is 0-7 m x 0-7 m (2 ft 4 in x 2 ft 4 in), 
while those generally used for communication purposes are T3 mxl-2 m 
(4 ft 4 in x 4 ft) and 1-3 m x 0-5 m (4 ft 4 in x 1 ft 8 in) for box-holes or chutes. 
The cross-sectional dimensions of a break-up must in no case exceed the roof 
width of the respective bottom heading. 

In classical tunnelling methods, pits or cuts are also frequently in use. Their 
design and supports are similar to those applied in working pits, the strength of 
the rock being always the predominant factor in the decision whether tight or 
skeleton laggings or forepoles should be used. Cuts are usually deepened in sub¬ 
sequent steps and walled up before the deepening of the next step of the cut is 
started. This method is generally needed in the construction of side walls (Figs 6/158 
and 6/159). 
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6.22. SINGLE-STAGE MINING METHODS OF TUNNEL CONSTRUCTION 

Headings, break-ups and cuts are employed in every mining method of tunnel¬ 
ling, though in various combinations. The full section is usually divided into the 
following parts (cf. Fig. 6/26): bottom heading; top heading; arch segment ca¬ 
vity or calotte; core or strozze; side wall space and invert arch. In the mining 
methods to be introduced here, the whole tunnel section is excavated by sections 
before the construction of wall masonry is started. Following this, lining is cons¬ 
tructed in a single, continuous course under the protection of temporary supports. 
Consequently, adequate supports or support systems are required suitable for 
carrying the whole excavated tunnel section either as a whole or divided into two 
parts during the construction of the lining masonry, olfering adequate protection 
for all work to be carried out in the section. 

An important requirement for these temporary supports is that they should be 
of rigid, unyielding and stationary construction, even when exposed to asymme¬ 
trical lateral loading. They must not suffer extensive compression or deflection as 
this would increase rock pressure, and the required clearance dimensions could 
not be maintained. The respective supporting elements have to be tightened to 
each other by wedges allowing repeated re-tightening of any loosened elements. 
The possibilities of punching and settlements involving deformations of this kind 
were given in Fig. 6/24 applied to the Austrian method. 

Single-course walls can be constructed by any of the following methods: 

(a) the crown bar (English) method (c) alternate ring method 

(b) the cross bar (Austrian) method (d) the central cut method. 

62.21. The Crown Bar (English) Method 

In the crown bar (English) method sections 3-6 m (10-20 ft) long are excavated 
in full face from top to bottom, and then the entire wall masonry is constructed 
in one course from bottom to top. Work commences with the driving of a bottom 
(haulage) drift from which at a distance of every 50-60 m (170-220 ft) break-ups 
(chimneys) are made to allow the driving of the top (working) heading. The bottom 
drift furnishes, in addition, good temporary drainage facilities and a good control 
of the alignment and it also allows the tunnel to be attacked at several points. 
The top heading has relatively small dimensions [1-5 m (5 ft) in width and 1-8 m 
(6 ft) in height] and is placed at an elevation such that its roof is level with the 
crown of the masonry arch extrados. The main attack on the face always begins 
here in rings of the previously mentioned width of 3-6 m (10-20 ft) depending 
upon the nature of the ground: the looser the ground the shorter the rings will 
have to be. The forward ends of the roof (crown) bars rest on posts whereas their 
rear ends may be supported by the extrados of the completed work. 

Enlargement is started by underpinning the caps of the top heading by two 
crown bars of 30-40 cm (12-16 ini dia (Fig. 6/43a). This, in turn, renders the sue- 
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cessive removal of intermediate props possible. Following this, the top heading 
will be enlarged across to the full width of the top section. This operation is usually 
effected by transversely driven forepoles supported by roof bars and temporary 
posts installed subsequently. As these radially placed posts are, in general, too 
close to one another, shorter forepoles have to be used to minimize overbreak 


or they have to be tilted (Fig. 6/44a). 
procedure is to be avoided, in all cases 



Forepoling with secon¬ 
dary support 


Fig. 6/44. Forepoling 

methods with densely spaced 
props 


If loosening of the ground caused by this 
secondary strutting supported from crown 
bars must be installed (Fig. 6/44b). The 
heading is widened out for the length of 
the roof (crown) bars. At the same time 
the face is securely breasted and back- 
strutted to the completed lining. The 
crown bars, posts and struts are all 
stiffened by spacers and bracers. 

During widening, and simultaneously 
with the installation of additional crown 
bars and posts, the bottom of the top 
heading must also be deepened and wid¬ 
ened, and posts and sills must, conse¬ 
quently, be continually replaced by long¬ 
er ones. When the bottom of the en¬ 
largement is deepened to the level of the 
springings, a new transverse sill is laid 
spanning the whole section width from 
which all the crown bars will be sup¬ 
ported by newly installed inclined posts 
(Fig. 6/43c). Then, sills are supported by 
posts extending down to the bottom of 
the section and the operation is contin¬ 
ued down the sides as far as required by 
the nature and pressure of the ground, 
frequently down to the bottom, the face 
being securely breasted and backstrutted 


(Fig. 6/45) and the section enlarged to full dimensions (Fig. 6/43d). During 
the whole widening operation special care must be taken, especially in loose 
ground, that no unpacked back space should be left behind the lagging (cf. 
Fig. 6/44) as such cavities may cause later ground movements and an increase 


in rock pressure. The back spaces must therefore be tightly dry-packed with rock 
spall or - at least temporarily - with timber blocks. 


When the entire' tunnel section is excavated, miners give way to masons who 


construct the length of lining within the completed timbering. Construction is 
started with the invert arch, if any, or where this may be omitted are built up first 
starting with the installation of formwork and centering. Concrete is poured or 
courses of masonry blocks are placed uninterruptedly until both side walls meet 
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Bottom drift 


Crown dor 


Fig. 6/45. One fully-excavated section of the English method with raking support of the face 


in the crown of the arch (Fig. 6/43e). During the construction of walls laggings 
are successively removed and crown bars transferred to the next tunnel ring, their 
place being tightly filled with concrete together with all cavities packed only tem¬ 
porarily at the time of the excavation. 

As mentioned, the construction of the adjoining masonry rings can be so 
arranged that the rear ends of the crown bars will bear upon the extrados of the 
completed masonry ring (cf. Fig. 6/45), their forward ends resting on the full 
support system at the newly opened face (Fig. 6/46). The main supporting sets 
must be efficiently stiffened and bound to each other in all directions (by St. 
Andrew’s cross bracing between the vertical supporting elements). 
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Poling boards 


Multistage timberings^ 
at the face V 


Fig. 6/46. Isometric view of the English method 


• r ormwork 


The English method of timbering, though it ensures very good working con¬ 
ditions and a high rate of advance, is more suitable for rather firm ground, as in 
weak ground the crown bars would not be able to resist higher rock pressures, 
so that either the spacing of the crown bars and posts ought to be reduced or the 
length of the sections decreased. Both these procedures would increase timber 
consumption. Though, in principle, the crown bars, laggings, posts and other 
timbering elements could be repeatedly used after being pulled down, the removal 
of crown bars and lagging is impossible when exposed to unduly high pressure, 
and they must be left in place and incorporated with the masonry. The dismant¬ 
ling of timbering elements and transfer of the load to completed rings must be 
done with the greatest care to prevent further rock movements. 

Advantages of the English tunnelling method are that excavation, timbering, 
mucking and erection of masonry can be undertaken with ease and without any 
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mutual interference in time or space, and both the ventilation of the working 
faces and their drainage are properly provided for. Its disadvantages are that the 
cross-section to be broken out is far bigger than that required for the masonry 
lining because of the room needed for the crown bars and the overbreak behind 
the masonry lining is usually only loosely packed with rock spalls. The crown 
bars and wood laggings occasionally buried and walled-in may decay, resulting 
later in rock settlements and pressure increases. Front faces are always exposed 
to high loads and their temporary support by raker posts is rather elaborate and 
complicated, necessitating altogether a very high timber demand. Finally, the 
eventual subsequent strengthening of the timbering is very complicated. Because 
of all these drawbacks, the English tunnelling method is nowadays employed 
only rarely. 


62.22. The Cross-bar (Austrian) Method 

Unlike the crown bar arrangement of the English method, this method uses 
segmental arch sets. Their structural arrangement is shown in Fig. 6/47a and the 
sequence of the following steps of its construction are shown in Fig. 6/47b. Work 
is started here also by driving a bottom drift from which break-ups are made 
every 50-100 m from which the top heading is driven. From this top heading 
the top section of the tunnel (the calotte) will be broken out much in the same 
way as in the English or the Belgian method, with the exception of the placing 
of the poling boards. The poling boards over the segmental arch timbers are all 
driven parallel and not perpendicular to the axis of the tunnel and the widening 
is done in short lengths, working practically step by step to the full face (cf. Fig. 
6/47a). Owing to this system this method is better suited to forepoling than is the 
English one, where considerable overbreaks are likely to occur due to transverse 
poling (cf. Fig. 6/44). Segmental arch timber sets are spaced at 1-20-2-0 m (4-7 ft) 
according to the strength characteristics of the ground. Since segmental arches 
can be spaced even more tightly if necessary in looser grounds, this method can 
be better adjusted to actual ground conditions than the previous ones. Since, 
under higher rock pressures, it is safer to widen out the top heading in a transverse 
direction, this may be effected by placing densely spaced, short horizontal struts 
between the segmental timbering which, in turn, will support the cross-driven 
poling boards when the calotte is being excavated. (In firmer ground, poling 
boards can be omitted, as segmental timbering and these struts will afford suf¬ 
ficient support.) 

After excavation of the top segment, arch timbering is supported on main sill 
beams installed in the horizontal diameter at the springings which are supported 
by posts placed in cuts extending down to the invert as excavation is not inter¬ 
rupted, but continued downward in full, just as in the English method. With an 
appropriately arranged bottom heading, vertical posts do not need to be sup¬ 
ported on the floor but on the caps of the bottom heading. In addition to the 
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Fig. 6/47. Excavation for invert arch; structural arrangement and sequence of operations for 
the Austrian method 


sill beam placed at the springing, a second sill beam is also often placed at the 
bottom of the section (Fig. 6/48). 

After full outbreak the invert arch is constructed, the formwork erected, shut¬ 
tering placed and the masonry lining built in a single course, again working up¬ 
wards from the bottom. Since segmental arch timbering sets are spaced too 
close to each other, either a suitably short length for the masonry rings has to 
be chosen, or else the timbering must be removed which will be very cumbersome. 
With the Austrian method, all the operations mentioned above are carried out 
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in steps and staggered in space but in a continuous sequence, thus allowing a con¬ 
tinuous advance and the possibility of an easy survey. (This continuity of work, 
naturally, will involve difficulties as to speed of driving by the establishment of 
several simultaneous working faces, as the bottom heading will not be able to 
provide adequately for simultaneous mucking from several working places.) 

An inherent disadvantage of the Austrian method lies exactly in the fact that 
the most delicate part of the tunnel section, i.e. theToof, is supported by temporary 
supports only, for a considerable time. In addition, this support is subject to 
repeated dismantling, each occasion initiating progressive roof subsidences (cf. 
Figs 6/24 and 6/48) which, in turn, result in increasing rock pressures. In large 
tunnels, however, the timber dimensions and spacing of sets required to resist 
increased ground pressures must be so big and, respectively, so tight, that in tun¬ 
nels with great spans (e.g. motorway tunnels) the method can no longer be applied. 

On account of these facts, the Austrian method has recently been combined 
in some cases with the English one, in that the breaking out of the full section is 
uninterrupted and staggered in space but in rings excavated from break-ups spaced 
more closely, maintaining at the same time the crown bar support system and 
constructing the lining masonry upwards from the bottom in one course. The 
invert arch is installed also only after the construction of the side walls and top 
arch. The excavation of the adjacent ring is, as a rule, not to be commenced 
before the permanent lining of the previous ring is completed. The length of the 
rings camvary between T5 m and 12 m (5 ft and 40 ft), depending upon the nature 
of the ground. Several rings may be served by one common top heading. The rings 
can also be excavated staggered in space, i.e. leaving temporary ground columns 
between the respective rings. In this case the subsequent breaking out and the 
lining of the intermediate rings is safer and quicker under the protection of adja¬ 
cent completed linings. In any case, when walling the arch, this site must always 
be kept in a distance of at least 12 m- 15nv(40-50 ft) from the excavation face 
to protect the masonry from damage due to blasting. 

The advantage of the Austrian method is that it affords a safe method in loose 
ground also, although it is very uneconomic in timber and labour demands and. 
thus, is very expensive, as shown in Table 6/VII.' u “ 


Table 6/VII 


Method 

Pitmen 

Assistant 

pitmen 

Haulagemen 

Masons 

Shift 

workers 

Carpenters 

Total 

working hr 

Belgian 

294 

185 

361 

152 

293 

20 

1304 

Austrian 

297 

353 

665 

126 

61 

54 

1554 


613 Miklos, P.: Alagutepitesi rendszerek es modszerek. Valogatott fejezetek a foldalalli 
vasiitepiles, banyaszat, melyepites korebdl (Tunnelling systems and methods. Selected chapters 
from tunnelling constructions and mining engineering). Kozl. Kiado, Budapest 1953 2 376 
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62.23. The Alternate Ring Method 

The new (modified) Austrian method also may be listed among the alternate 
ring methods together with full-face tunnelling methods using temporary steel 
supports and discussed in Section 6.1. No headings are actually driven here, the 
full tunnel section being excavated in 1-2 m wide stretches with the masonry lining 
built in immediately. Then, the second next ring is excavated and walled up, 
leaving a ring of ground of the same length in between. Thus, by driving no 
advance heading, the preliminary loosening of the ground and the mobilization 
of ground pressures are prevented. Tunnel sections exceeding 3-5 m in dia are 
not usually excavated in a single operation but by steps in benches, according to 
the principles of the Belgian (underpinning) or the German (core leaving) methods 
to be discussed later. 

In the alternate ring method steel elements are most usually used for tempo¬ 
rary supports (cf. Sections 62.44 and 62.45) so economizing in timber consump¬ 
tion. Other advantages to be ascribed to this method are that the full tunnel section 
is opened up only in short stretches and is supported by temporary supports only 
for short periods, its permanent masonry lining being erected after a short interval, 
resulting in a relatively small disturbance of the original state of equilibrium of 
the ground. On account of this, ground loosening, rock spalling and overbreaks 
will be reduced to a minimum. The stability of the tunnel section against axial 
displacements will be considerable, and the system will greatly favour the repeated 
use of movable steel supports. A disadvantage is that the' rather inaccurate junc¬ 
tion of the masonry of intermediate rings with those previously built sometimes 
necessitates the application of some more expensive construction especially when 
erecting the arches. Should, however, the propping of masonry rings be done in 
steps, roof subsidences will also have to be taken into account owing to the 
repeated dismantling of temporary supports. On the other hand, the ground left 
between the completed rings will obtain support from these as a result of arching, 
and this reduces the roof-load. 

The alternate ring methods cannot be classed strictly among classic tunnelling 
methods and, therefore, their detailed description will be given later in Sec¬ 
tion 6.24. 


62.24. The Centre-cut Method 

In rocks of adequate strength, certain advantages are offered by driving a centre 
cut, proceeding upwards to the full height of the tunnel from the bottom heading, 
followed by the successive underhand stoping of the sides (cutting method). 
After widening out to full width, the masonry walls are built from the bottom 
to the top in a single course (cf. Fig. 6/27c). The section can be supported either 
by segmental arches or by the crown bar method, depending on roof pressures. 
A great advantage is that the roof is immediately supported from the bottom. 
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rendering the repeated removal and replacement of various timbering elements 
unnecessary, thus avoiding the main source of roof subsidence. A further advantage 
of the method is the establishment of a clear and continuous site which is easily 
ventilated. In addition, timber can easily be recovered and re-used. 

A higher rate o'f progress can also be attained since multiple face tunnelling 
and the placing of the tunnel lining in alternate rings from separate break-ups 
is also made possible. Under heavier pressures it is reasonable to reduce the length 
of these stretches in order to allow more prompt installation of permanent sup¬ 
ports. The method is similar to the alternate ring method discussed in the previous 
section. 


6.23. MULTIPLE-STAGE CLASSICAL METHODS 

The methods grouped among the classical tunnel construction methods are as 
follows: 

(a) the underpinning (flying arch) or Belgian method 

(b) the core leaving or German method 

(c) the invert arch or Italian method 

(d) the combined construction methods developed as combinations of the 
above methods by selecting and combining some of their characteristic 
elements. 

These methods are, in general, applied in soft ground, the overriding factor in 
their choice being the stability of the ground, as follows: 

(a) The Belgian method is used when the ground in the height of the arch 
abutment is stable enough to carry temporarily the full weight of the arch loaded 
by the roof pressure without undesirable subsidence. 

(b) In grounds of lower load-bearing capacity, but still stable enough to carry 
temporarily at floor level the weight of both the side walls and the arch, weighed 
by the roof pressure transferred by a wider footing of the same without harmful 
settlements, the German method is employed. 

(c) In softer ground where the full tunnel width is required for the safe transfer 
of the loads, the Italian method is to be employed. 

These methods will be discussed below in the order given above. 


62.31. The Belgian or Underpinning (Flying Arch) Method 

This method is similar to the English one but more economical and can be 
applied to relatively firm ground only. The main difference between the two 
methods is that in the English method the entire cross-section of the tunnel is 
fully excavated before commencing the construction of the walls, whereas in the 


Section G- G Section F-F 


Section F-F 


Section D-D Section C-C Section B-B 


Section A-A 



Fig. 6/49. Scheme of the Belgian (flying arch) method as started from a top drift 
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Belgian method excavation and erection of walls proceed alternately in stages. 
The method is widely used because of its comparatively great economy. Two 
main types may be differentiated: i.e. single heading and double heading methods. 
To place the pilot heading at the top section is reasonable in dry rock and for 
short tunnels only. Generally, a bottom heading is driven (although it weakens 
the supporting core). 

The Belgian method was based originally on starting with a single heading, 
and comprised the following features (Fig. 6/49): 

A centre crest heading is driven along the tunnel track from which the lateral 
excavation of the upper half-section (the arch or the calotte) is done much the 
same as in the English method (cf. Fig. 6/43), i.e. caps of the timber sets are under¬ 
pinned by longitudinal roof hars and the heading successively widened out fan¬ 
like to the full width of the top section with transverse poling. Each poling set 
may be supported by separate roof bars underpinned by props from sills placed 
at varying levels keeping pace with the gradual deepening of the calotte, until 
reaching down to springing level, i.e. to the abutment provided by the masonry 
arch. The transverse polings are frequently not driven over the roof bars in firm 
ground but are placed instead against the earth roof after the excavation has been 
made for the next side-roof bar. Then excavation is stopped, temporary props 
and the construction of the arch masonry started and the walls erected in a sec¬ 
tion of 4-9 m length. The roof bars are underpinned at both ends by radial 
posts at the same time and formwork and shuttering are placed for the masonry 
arch which is built up from both sides. In ground of lower, or insufficiently uniform 
strength a reinforced-concrete wall beam or timber wall-plate is laid first on which 
to build the masonry arch of concrete blocks or ashlar stones (cf. Fig. 6/53). 

The construction of the masonry arch, the pulling forward of crown bars and 
the backpacking are done just as in the English method. When, during walling, 
a temporary prop or post is in the way, it will be removed and the roof will be 
supported meanwhile by temporary laggings and shores. The place of crown bars 
is left out in the same way until they are slid ahead into the next stretch. Should 
the ground loosen in the 
course of construction to such 
an extent that a breakdown 
of the roof seems probable, 
all the timbers, crown bars, 
posts, props and polings are 
left and incorporated into the 
masonry. 

If work is started by driving 
a bottom heading, the multi¬ 
stage excavation of the full 
tunnel section and its masonry 
lining can be done simultane¬ 
ously from several break-ups 


a) b) 



Fig. 6/50. Sequence of part excavations: 

(а) single-drift method; 

(б) double-drift method 


41 Sz6chy: The Art of Tunnelling 
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in rings of definite length. This method has the advantage that mucking is 
separated from construction and excavation work (which, at the same time, 
is disadvantageous as regards ventilation) and the rate of advance is also increased. 
The difference in the sequence of excavation work compared with the top heading 
method is shown in Fig. 6/50. 

After the completion and deshuttering of the masonry arch, there follows the 
underhand stopping and the construction of the side walls under the protection 
of the erected load-bearing masonry arch. This operation, again, can be done in 
several ways: 

1. Pits of 2-3 m (7-10 ft) width are sunk or deepened at intervals from the earth 
core surface, from which the abutments of the masonry arch will be underpinned 
by masonry columns on the most important arch sections. The sequence of opera¬ 
tions of this method is shown in Fig. 6/51a, where the construction of the support¬ 
ing masonry columns follows a chessboard pattern. The greatest care must be 
taken not to excavate the opposite sides of the same section simultaneously. 

In very loose ground, the sections between the masonry columns are also under¬ 
pinned from such pits, the removal of the core of ground following afterwards. 
In sufficiently solid ground (such as marl or solid clay) the work can be consider¬ 
ably speeded up by the simultaneous removal of the ground at the sides and in 
the core between the adjacent masonry columns to be followed by the building 
of the remaining side wall sections in a single operation. 

2. For material transport and working conditions it is more advantageous to 
excavate a central trench to the invert leaving a berm of 1-5-2 m on either side 
of the tunnel to support the arch of the tunnel lining. From this central trench 
narrow cuts to the sides are made at intervals following a chessboard pattern 
from which the masonry arch is underpinned by columns. The haulage tracks 
are laid at the bottom of the trench, which makes loading and removal of the 
muck easier (Fig. 6/5lb). This method can be applied only in firm to medium firm 
ground. 

Underpinning is a very delicate job and must be done in alternate sections 
with at least 2-3 m (7-10 ft) wide temporary ground pillars left between them. 
Special care must be taken in the construction of the sections adjoining the abut¬ 
ment of the masonry arch because of the difficulties of accurate compaction work. 
Because of this, these sections are usually solidified by subsequent cement grouting. 

Side wall cofistruction is followed by the removal of the core and the installation 
of the invert arch, if necessary. 

3. Finally, the side walls can be constructed in an alternating continuous oper¬ 
ation, following at a distance of 3-4 m (10-13 ft) the uninterrupted advancement 
of the face (Fig. 6/51 c). In this case, adequate temporary support of the arch 
abutments is most important for which wall beams and shores are used. In addi¬ 
tion, strut beams are placed in the spring line of the top arch to prevent the dis¬ 
placement of the side walls during its construction and that of the invert arch 
(Fig. 6/52). It is unreasonable not to attack the opposite sides simultaneously, 
but to excavate and build up the respective half-sections somewhat staggered in 
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space. This procedure enables the invert to be placed as promptly as possible 
after the construction of the side walls. This is highly desirable with rapidly devel- 
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Fig. 6/52. Arch underpinning for the construction of side walls 



oping lateral pressures. (It must be noted, however, that where invert arches are 
required the Belgian method is not usually applicable.) 

If the height of the side walls exceeds 3 m (10 ft), underpinning operations should 
be undertaken in steps. 
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In more stable ground the abutment of the masonry arch can also be established 
by a niche cut in the rock which affords a temporary support along face a while 
the side walls are being constructed (denoted in Fig. 6/53 by broken lines). In this 
case the lateral drifts driven for the erection of side walls need only sufficient 
support to provide protection against spalling. 

A modified later alternative to the Belgian method is its double-heading alter¬ 
native which differs from the single-heading method in that a second (bottom) 
heading is driven in which work is actually started (Fig. 6/54). 

The top heading follows the advanced face of the bottom heading at a distance 
of about 25-30 m (80-100 ft) only. The headings are interconnected by break-ups. 
The employment of the bottom heading obviates the difficulties in the transport 
of material, muck removal and drainage inherent in the single-heading system, 
while excavating and walling operations can be done simultaneously without 
mutual interference. On the other hand, the ground core - on which the full roof 
pressure is temporarily transferred for the time of excavating the calotte and 
constructing the masonry arch - is weakened by the drift of the bottom heading. 
Consequently, whereas the most critical tunnelling phase, i.e. the breaking out 
of the calotte and the construction of the arch was done in the single-heading 
method in entirely intact rock, it will be accomplished in the double-heading method 
in ground which has been slightly mobilized because of the previous driving of 
the bottom heading. Therefore, the double-heading method is employed mainly 
in rather firm ground and when driving larger tunnels, where the width and height 
of the bottom heading are relatively small compared with the dimensions of the 
tunnel, or where the quantity of ground to be excavated requires, at any rate, 
the driving of two headings to provide for a reasonable rate of progress and for 
uninterrupted working conditions. The employment of the double-heading method 
can also be justified when driving relatively long tunnels (exceeding 1 km in 
length). 

Later on, when the section is deepened the bottom heading can be advan¬ 
tageously used also as part of the centre cut (cf. Section E-E in Fig. 6/54). 

Not only two, but three or even more headings are employed when tunnels 
with large sections are driven by the Belgian method. 

The most important of the merits of the Belgian method is the relatively short 
time interval required from the excavation till the erection of the permanent roof 
lining because the rapid construction of the masonry arch makes all subsequent 
operations easier and safer under its protection, with the additional advantage 
that the development of higher rock pressures is prevented. The reduction in 
timber consumption and in the demand for long timber logs are added advantages. 
It is also advantageous that tunnelling operations can be carried out simultane¬ 
ously and undisturbed in a number of separate working sites (especially when 
using double-heading methods). Finally, the method can be easily and advan¬ 
tageously combined with other tunnelling methods, e.g. a combination with the 
Kuncz method (see Section 62.44) is shown in Fig. 6/55 when a small crown-short 
adit is driven ahead with a roof supported by forepoled crown bars instead of 




Fig. 6/54. Details of the double-drift Belgian method 
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a regular top heading. The calotte can be excavated in its full section under the 
protection of rail ribs placed on the crown bars and arranged along the annular 
space established. The side walls are constructed by the employment of sinking 
pits at intervals, serving for the construction of masonry columns performing 
the counterforts. 

Beside its merits, some drawbacks are also attributable to the Belgian method 
principally because of the intricacy and dangerous character of both arch under¬ 
pinning and underhand stoping. The masonry arch when ready often becomes 
fissured due partly to the poor compaction possibilities of side wall concrete and 
to the blasts applied in breaking out the place for the side walls. A further dis¬ 
advantage is presented by the spring-line interruption joints established not only 
at the crown but also at the counterforts of the arch, i.e. at the most exposed 
displacement points. Moreover, haulage tracks and drainage ditches must be 
repeatedly re-sited and, finally, the casting of the invert arch, if any, for protection 
against lateral pressures is performed last of all tunnelling operations, i.e. only 
after a long delay. In conclusion - according to Stini - the Belgian method can 
be advantageously applied in the construction of medium length tunnels driven 
in dry ground or in fissured rocks of medium strength. If running or rolling 
ground results in heavy rock pressures the application of this method becomes the 
less advisable the greater the span of the tunnel and the bigger the rate of water 
inflow. 

62.32. The Core-leaving or German Method 

This method is applied when the load-bearing capacity of the ground is insuf¬ 
ficient to afford safe temporary support for the masonry arch during the construc¬ 
tion of the underpinning side 
walls, so that these must be built 
up first. The top tunnel section 
(the calotte) is only excavated 
subsequently and the masonry 
arch is built upon the already 
completed side walls. 

In its most characteristic form 
the method starts with driving 
two bottom headings, one at the 
foot of each side wall (see / in 
Fig. 6/56). These are driven ahead 
to the chosen length of the work¬ 
ing section, each of them being 
used during advancement for 
excavation and mucking, then 
during their return for the deliv¬ 
ery of masonry material and to 



Fig. 6/56. Sequence of part excavations in the 
core-leaving or German method 
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give space for the construction of the side walls. Side walls are compacted 
tightly to the earth wall outwards, whereas the inner space left between the 
inner wall face and the outlines of the heading sets must be firmly back- 
packed with boulders or lean concrete, which is to be cleared away later 
during the removal of the core (Fig. 6/57). If the height of the side walls 
admits, two upper stage headings are also driven above the bottom headings 
(cf. Section 63.33), rendering the operation of muck removal, or the transport of 
construction material, and concreting operations possible. Should upper stage 
(spring-line) headings not be employed, bottom headings are interconnected at 
definite intervals by cross-cuts, making allowance for the simultaneous construc¬ 
tion of invert arch ribs there, which is essential in loose ground. For very wide 
tunnels also the driving of two double-bottom headings can be considered. By the 
separation of excavation and haulage work and by providing for undisturbed and 
continuous transport facilities through double headings, the construction time 
of the walls may be reduced to about one half of that required for single-headine 
operation (Fig. 6/58). 



In higher sections the use of multi-stage headings is preferable, in which case 
the upper spring-line heading (/) is to be driven ahead and pits 3-4 m (10—13 ft) 
wide are to be cut from this to the bottom heading at intervals, in which the 
erection of side walls may be started. 

The construction of the side walls is followed by driving a centre top heading (5) 
which is then widened out in the same way as in the Belgian method (4) and the 
masonry arch is bearing upon the already constructed side walls. In the course 
of all these operations both the posts and formwork are still supported from the 
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inner ground core, which is removed only in the subsequent phase, followed, 
finally, by the placing of the actual invert (cf. Figs 6/56 and 6/57). 

Another advantage of this method is its economy in timber consumption as 
the ground core left in the section secures the support for arch timbering, provided, 
of course, that it is wide and firm enough to ensure an unyielding support. Any 
undue compression of the core under loading would result not only in further 
loosening of the ground above the roof, but would also lead to cracking of the 
concrete arch, especially when movements take place during setting time. A further 
advantage consists in the excavation of small sections only at one time where the 
respective section of the permanent lining is immediately built in. A disadvantage 
of the method lies in the difficulties encountered in haulage, as a consequence of 



Fig. 6/59. Construction of the Rove tunnel with multiple-drift method 
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which bottom headings must be driven to their full length before side-wall con¬ 
creting can be started. Further disadvantages are that the ground is always loosened 
somewhat in the calotte before its break-out can be started, and that construction 
of the invert has to be postponed to a certain extent. 

To eliminate the difficulties in haulage and ventilation a centre bottom heading 
may be driven ahead and used in wide-section t 1 nnels, from which cross-cuts are 
made at certain distances in both directions to permit the driving of the respective 
stretches ot the side-wall headings from them. Another possible combination is 
to start with the driving of a top heading, as in the Belgian method, and 
after widening out the top section in the usual way trenches are cut down for the 
construction of the side walls, leaving the core between them intact. This also 
shows how the German method is often combined with the elements of other 
tunnelling methods. 

During the whole process care must be taken not' to weaken the core excessively 
by the driving of lateral headings, as the core must constitute the support of the 
arch timbering. For this reason this method can be employed only for building 
tunnels of considerable width and is especially suitable for the construction of 
underground stores, factory halls or shield chambers. There is no doubt whatever, 
that in ground under heavy rock pressure this method affords the greatest safety 
in construction. Where the arch section - owing to the running character of the 
ground - cannot be excavated safely by the usual method of widening, additional 
headings may be inserted between the standard headings driven at the springing 
and crown when the tunnel sections are large enough This allows the arch masonry 
to be constructed by steps. Naturally, the space left between the outlines of the 
arch and of the heading must always be thoroughly backpacked here as well 
(cf. the construction of the Rove tunnel. Fig. 6/59). In addition, of all classical 
tunnelling methods this provides the greatest safety against surface subsidence. 

As tunnelling costs will increase directly with the number of the headings and 
break-ups. the German method is far more expensive than all the other methods 
hitherto discussed, but this is partly compensated for, nevertheless, by a higher 
degree of safety. 


62.33. The Italian or Invert Method 

This tunnelling system (Fig. 6/60) is applied in very soft and treacherous ground 
where considerable lateral pressures are also likely to develop. On account of 
the development of these pressures it must be ensured that only small areas are 
opened and are supported immediately by temporary timbering or, preferably, 
by the subsequent parts of the permanent lining. With regard to this, the con¬ 
struction of the lining is carried out in steps in two or three vertical stretches 
separated by horizontal ianes. Construction starts with laying the base (1-5) 
prior to the erection of the side walls, as otherwise the loads upon the walls could 
not be transferred safely on to the soft ground without involving undue settlement. 



Tight stone peeking 


Fki. 6/60 Italian method 
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Furthermore, this order of sequence is required not only for load transfer, but is 
necessary to provide an early support to the side walls against the rapidly increasing 
lateral pressures while construction of the walls is proceeding. 

A bottom centre-drift is first started and driven at about the top level of the 
invert for a very short distance (2-3 m: 6-10 ft) after which it is enlarged to the 
full width of the tunnel by driving narrow strips of cross-drifts with very heavy 
and tight timbering. The invert and as much as possible of the side walls are 
constructed in these drifts and the open area is back-packed by rock spalls or by 
lean-concrete (7). Since the timbering of the bottom drift must be very strong, 
steel is most often used. The invert is cast from pits which are- sunk below the 
floor of the bottom drift and adjoining it and the side-walls are also built up to 
the roof level of the drift ( 6 ). After the backpacking (7) already mentioned, only 
little space remains open for the advancement of the bottom drift, i.e. for transport 
purposes. A centre top heading is then driven (7-8) and enlarged to full width (10) 
but limited in length to the previous dimensions where the corresponding section 
of the masonry arch will be constructed. This upper section of the tunnel is very 
heavily timbered. Tightly spaced transverse polings are supported by radial posts 


Fig. 6/61. Enlargement 

of the heading with 
radial props 



seated on a sill placed either on the bench left between the drifts or on the previously 
installed backpacking (Fig. 6/61). In higher tunnels an intermediate centre heading 
is installed between the top and the bottom drifts, from which the intermediate 
part of the side walls is built up, at least, to spring line level according to the 
pattern given above. The loads from the roof on the supports can, thus, be trans¬ 
ferred either to the walls or through the dry packing to the permanent invert. 
In loose or running ground, however, it will often happen that even the masonry 
arch can only be built in portions from several short axial and cross-drifts pro¬ 
ceeding from the springing towards the crown. 

Under especially difficult circumstances the cap of the bottom or the inter¬ 
mediate drift is also constituted by an auxiliary masonry arch (cf. 11 in Fig. 6/60), 
offering a steady support for the excavation of the annular top space and for the 
construction of the masonry arch. 
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After completion of the masonry arch the core and the temporary dry-packina 
are removed. The removal of this packing, when made of lean concrete, may 
require some blasting. This lean concrete must, at any rate, be separated from the 
permanent masonry by insulating paper. 

The main advantage of this method is that the workings are sufficiently small 
to be readily braced and maintained in treacherous ground. 

It is adopted only under extraordinarily heavy ground conditions because of 
its high costs and its very slow rate of progress. Modern shield methods would 
now be used for all tunnels for which this method was designed, except possibly 
where only a short length of very treacherous ground is encountered. For example, 
it was employed when driving the Simplon tunnel on a stretch of its southern 
section under very high rock pressures which could be perforated only by the 
application of this method (cf. Fig. 6/60). 


62.34. Combined Tunnelling Methods 

The tunnelling methods already discussed are no longer used in their original 
design even for tunnels, much less in the construction of large underground halls, 
shield chambers, etc. but their working phases are generally mixed and combined. 
The most usual comb nations are developed from items of the English and 
Austrian methods, or from those of the Belgian and German methods. 

The possible variations of these combinations are numerous; some of them 
have already been mentioned in the discussion of the methods themselves. In one 
of these variations, e.g. the advantages of the English and Austrian methods are 
combined and, at the same time, the radial-post supporting method is used for 
widening the top section (Fig. 6/61). 

In the most frequently used combinations the lining masonry is built in rings, 
in the same way as in the English method, carrying out in each ring only one 
working phase at a time. Construction proceeds, however, not in a single tunnel 
section only but work is going on in several tunnel rings simultaneously, con¬ 
nected by break-ups to an advance bottom heading in order to speed up the rate 
of progress. The continuity of work is, thus, secured by the separation of the 
working sites without leaving areas open for a long time as opposed to the Austrian 
method where the various working phases are carried out simultaneously, but are 
staggered in space. 

Segmental arch timbering which is well-adaptable to varying pressure con¬ 
ditions, is adopted, but is combined with transverse poling in soft ground. With 
the application of the radial-post system the excavation in the arch segment must 
not extend beyond the extrados as the crown bars which would require these 
overbreaks in the English method are omitted here. On account of the radial 
arrangement of posts the elements of both segmental arch timbering and poling 
can be removed immediately prior to the construction of the respective stretch 
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of masonry in such a small area and for such a short time that the bridge-action 
period of the ground will afford protection for a safe casting of the wall section. 

The advantages of such combinations were clearly demonstrated in the construc¬ 
tion of the shield chambers for the new subway in Budapest as discussed in 
Section 63.33. 


II-l U.-t. 


Axial forepoling 



Fig. 6/62. Pentagonal 

timbering for the heading: 

(a) with vertical posts; 

(b) with inclined posts 



Among combined tunnelling methods may be mentioned the American method 
which is characterized by the use of polygonal arch timbering and by the greater 
use of side posts without interior struts. 

The face is opened by a top heading, usually rectangular in shape, which is 
poled longitudinally and timbered in the usual way. In the space between two 
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bents of the heading the crown segments (caps) of the timber arches are set in 
position and held in place temporarily by secondary posts or by strips or scantlings 
spiked to the main posts as shown in Fig. 6/62. A short length of 0-60-1 -80 m 
(2-6 ft) is then widened out without polings or other roof support and the seg¬ 
mental arch elements adjoining the crown segments are put in position and held 
by iron dowels and by a short prop. If the segmental timbers are not set close 
together, lagging is inserted above the timbering and the cavities between the 
lagging and the ground are backpacked. The widening out for the next segmental 
timber is done in the same way down to the sill. After the two sills have been 
placed the roof timber is completed and the bench remaining below the top heading 
sill is removed. 

During each operation the sill timbers are underpinned by any one of the fol¬ 
lowing-methods. If the material is very firm a longitudinal cut is made in the bench, 
leaving a beam on which the sill rests and the room for the counterforts is exca¬ 
vated at intervals under the sill, and posts are placed. If the material is too soft 
for this, pits are sunk at intervals and at first short posts are placed to support 
the sills, and, later, if excavation has proceeded these are replaced by long posts. 
In sufficiently firm material the sills or wall plates are set in niches at about the 
springing line and no posts are used. The number of units in the segments varies 
between 3 and 7 depending on the width of the tunnel section. The method has 
been successfully and economically used in fairly firm material which would stand 
for a short time without support. Its chief advantages are the large open area 
within which the masonry lining can be built continuously from invert to crown, 
and the economy in timber. It may be used also in rock, when the top heading 
is timbered with caps and posts and, while the arch section is being widened 
successively by short lengths, the elements of the segmental arches are joined 
directly to the caps. After reaching down to the springing, sills are placed and the 
posts may be removed (Fig. 6/62). 

6.24. RECENT TUNNELLING METHODS 

EMPLOYING BOTH TIMBER AND STEEL SUPPORTING-ELEMENTS 

The tunnelling methods hitherto discussed all have a high timber demand. 
It is true that generally only the poles are definitely lost from the timber used for 
supporting purposes, while elements such as crown bars, sills, posts, etc. are most 
often recuperated when the permanent masonry lining is built. Nevertheless, both 
their recuperation and re-use always involve some inevitable losses as some will 
break under excessive loading while others have to be cut for re-use, in addition 
to which considerable losses will also have to be ascribed to decay accelerated 
by the damp atmosphere of the tunnel, all resulting in the gradual consumption 
of the whole of the timbering material. 

Owing to the fact that in the driving of any particular tunnel or heading of 
constant cross-sectional dimensions, the temporary supports required are always 
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of the same type and dimensions, it is a matter of course to favour the employ¬ 
ment of supporting elements suitable for multiple re-use. This has led to the devel¬ 
opment of steel and reinforced-concrete supporting structures and of tunnelling 
methods making use of such temporary supports. As supporting elements of this 
kind have already been discussed in detail in connection with headings, only the 
more usual tunnelling methods which make use of them will be discussed here. 

Steel elements can be employed in the following th^e combinations: 

(a) steel liner-plates instead of timber lagging (poling boards), the eventual 
bents being of timber 

(b) steel supporting-bents combined with timber lagging 

(c) steel bents with steel liner-plates. 


62.41. Tunnelling with Liner Plates (the Needle Beam Method) 

The liner-piate method is generally employed for driving steel-lined small-sec¬ 
tion drifts or headings (2-5-4-0 m: 8-13 ft dia) in medium soft ground. It can also 
be adopted for small cross-section drifts even in running ground when combined 
with compressed-air dewatering. Its simplest application is shown in Fig. 6/63, 
where steel liner-plates 0-40-0-50 m (16—20 in) in width, 0-90-1-80 m (3—6 ft) 
in length and'3-6 mm (1/8—1/4 in) in thickness, with 40-50 mm (1 1/2-2 in) deep 
rolled or welded flanges (rims) are used as roof supports (cf. Fig. 6/11). The first 
liner-plate of 40-50 mm (1 1/2-2 in) width is placed as the crown segment in a 
previously mined cavity at'the top and two adjacent liner-plates are bolted to it, 
one on each side, after the hole has been sufficiently widened. These plates are 
temporarily supported from the ground core by trench jacks or by carefully 
tightened props (Fig. 6/63a. The arch section is then gradually widened down to 
the springing line and the liner-plate ring so obtained is wedged outwards from 
wall plates or wall beams placed at the grooves b. In small-sectiorr tunnels and 
in softer ground this plate ring can be left unsupported during the construction 
of the masonry arch, as in the Belgian method, the formwork being temporarily 
supported from the bench. While the arch concrete is being cast, the liner- 
plates are gradually withdrawn and regained. After an interval of 3-4 days the 
excavation and construction of the lower tunnel section follows. This can also 
be accomplished in rings as shown in Fig. 6/63c. 

Another variation of the method is the ‘needle-beam method’ (Fig. 6/64), where 
the full cross-section of the tunnel is broken out and the plates, which in the course 
of the excavation are set up one by one, are supported by radially set trench 
jacks or props from a centrally placed longitudinal girder, the -needle beam , 
which consists of two heavy steel joists bolted to each other, the space between 
being filled with hardwood. The length of the needle-beam is chosen to exceed 
the daily advance by 1-0—1-2 m. It is placed at the bottom of the top heading. 
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its rear end being supported during the driving by a post from the concrete invert 
of the tunnel which has already been placed in position. When the needle beam is 
placed, the trench jacks which formerly stood upon the core will be taken out as 
the new ones are set from the beam. While in the upper half section also timber 
props can be used instead of trench jacks, in the lower half, steel trench jacks 
are best to counteract the excessive bending deflection of the beam by their restretch¬ 
ing, especially in really bad ground with excessive rock ground-pressures. The 
needle-beam method is, however, not d^roid of some drawbacks. First of all, 
the heavy beam must be moved forward by hand, and the large number of trench 
jacks interferes with both communication and work. The use of liner-plates 
without stiffening ribs is, in addition, always somewhat risky and may be toler¬ 
ated only in firm ground and small diameter tunnels. A further important point 
is not to excavate sections ahead to distances exceeding one day’s concreting 
in order to avoid the development of high rock pressures. Moreover, each row 
of trench jacks must be connected by axially placed etchers to prevent its slipping 
or kicking out on the steel washers. 


62.42. The Full-face Erector Method 

This variation of the previous tunnelling method is often used. In large circular 
tunnels, such as subaqueous highway tunnels or subway tunnels, where, on account 
of the greater diameter and of the higher rock pressures, the tunnel lining must 
consist of heavy cast-iron segments or of precast or prestressed reinforced- 
concrete blocks, which are very difficult to manipulate if placed by hand. In such 
cases, special equipment, i.e. erectors with movable arms, usually employed in 
shield tunnelling (see Section 63.22), are resorted to for placing the segments or 
blocks (cf. Figs 1/10 and 7/20), whereas mining is effected either by the full, face, 
or the heading and bench, or the crown-bar method. 

Such heavy lining, elements can be placed only when proceeding from the bottom 
upwards as a precisely fitting ring of precast concrete blocks or cast-iron segments 
can only be built if their subsequent settlement or displacement is completely 
avoided and their geometrical trueness to shape is secured right up to the comple¬ 
tion of the ring. In this respect the heading and bench method would only increase 
the period between excavation and lining - involving continued loosening - so 
it is generally more practicable to apply the full-face method. This system can be 
applied in rather firm dry ground possibly only in combination with rock bolting. 
In wet or loose ground the additional application of the compressed-air process 
may be of great help. 


62.43. Tunnelling with Liner Plates and Stiffening Rings 

The liner-plate method is used in very large tunnels in combination with stiffen¬ 
ing ribs. 
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62.431. System employed in the Chicago Subway. A highly practical system was 
employed in the construction of the Chicago Subway as shown in Fig. 6/65. The 
ribs consisted of 150 mm I-beams and were spaced at 0-60-0-75 m (2-2 1/2 ft) 
intervals, the liner-plates being bolted inside the outer flange of the ribs instead 
of outside (cf. Fig. 6/12). The segmental ribs are composed of several units con¬ 
nected by bolted fish-plate joints allowing the face to be excavated in successive 
phases. 



A top heading is driven first and the crown plates placed with the corresponding 
rib segments in its roof and supported by trench jacks from the ground core. 
In continuation, the whole' top section is successively excavated down to the spring¬ 
line on both sides while further liner plates are attached and supported by further 
trench jacks from the core. Then pits are sunk at both sides and further liner 
plates and rib segments attached, supported now from the inner pit-walls by other 
trench jacks or props. The last segment-ribs acting as posts always rest on washer- 
plates laid on the bottom of the pits and sufficiently large in surface area to transfer 
their load to it safely. Instead of separate washer-plates longitudinal wall-beams 
may be used to support the ribs. Finally, the ground core is attacked from all 
sides and cleared away. 
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Fig. 6/66. Liner-plate method with strained-steel ribs (Szadeczky-Vastagh) 
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The masonry lining is constructed from the bottom upwards in rings as wide 
as the width of a liner plate, the liner plate and ribs having been dismantled pre¬ 
viously, thus leaving the ground faces unsupported for this time. For this reason 
the masonry work must be accomplished as quickly as possible and therefore 
preference must be given to the use of precast-concrete blocks, ashlar stone or 
bricks as lining material. For the sake of better bonding between the single courses 
of blocks or stones, the masonry ring walled up extends to the width of two liner- 
plate rows. 

Naturally, the whole working cycle is staggered in space, the top heading 
being driven ahead, directly followed by its widening, whereupon the various 
stages of sinking pits or side cuts are effected, completed by breaking down 
and removal of the core, casting the invert and the construction of the 
masonry walls and top arch in successive shifts (cf. Fig. 7/33). 

The formwork supporting the shuttering of the inner wall faces is usually also 
a steel structure, strutted from the core or from the opposite sides of the exca¬ 
vation by trench jacks, the corresponding liner plates and rib segments being 
strutted at the same time by another set of trench jacks or props from the form- 
work proper. 

62.432. The liner-plate method. This method, described below, was employed 
with certain modifications in the construction of the concrete-lined sections of 
the subway tunnels in Budapest (Fig. 6/66). The flanged liner plates used were 
50 cm (1 ft 8 in) in width and had a length of 90 cm (3 ft) and a thickness of 
8-10 mm (3/8-5/12 in), with flanges 8 cm (3 in) deep. 

The face is attacked at the crown, a drift being broken out equal in width to 
a liner plate, at a height of 1-5-2-0 m (5-7 ft), where the first liner plate is placed 
supported by a trench jack from the drift-bottom. This plate will also be tempo¬ 
rarily cantilevered by attaching it by bolts to the previously erected plate-ring 
section. The drift is then widened out towards both sides and further liner plates 
are bolted and propped temporarily by additional trench jacks down to the spring 
line. The last flanged plate at the spring line is placed on a longitudinal wall beam 
and the plates forming a thin arch are firmly prestressed by wedges driven between 
the wall beam and the overlying plate to render it self-supporting while the trench 
jacks are replaced by adjustable propping arms mounted on a car moving on 
a central track in the heading. This, again, only provides a temporary propping 
to support the liner plates until a rib of steel joists composed of two quarter circles 
is installed. These steel ribs are butt-jointed at both ends and provided with carrier 
plates bearing against each other at the crown and against the wall-plates or laid 
upon the wall beams. 

After installing the steel ribs the moving car is withdrawn. The steel formwork 
is erected and its shuttering placed for the construction of the masonry arch. 
Prior to this, however, the steel ribs must be propped by short trench jacks from 
the formwork ribs. When starting with the construction of the masonry arch 
the lowest liner plate and the lower quarter of the stiffening rib are removed, and 
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the remaining set of plates is simultaneously propped by additional trench jacks 
from the steel formwork ribs. 



Fig. 6/67. Side drift rt^'t'.od 


In this way the masonry ring can be safely built and both the liner plates and the 
stiffening ribs can be regained. 

The construction is continued and completed according to the Belgian method 
by underpinning the masonry arch by pillars constructed in pits or by staggered 
bottom-rings built up in transverse cuts. 

In firmer ground the method has been modified by abandoning the stiffening 
ribs, and directly supporting the liner plates by trench jacks from the steel form- 
work. This, however, has proved to be admissible only in cohesive ground. More¬ 
over, care must be taken that the excavation is closely followed by the construction 
of the masonry and that, above all, the liner plate rings shall not be left unsup¬ 
ported except within the bridge-action period. 

62.433. Side drift method with steel supports. In fissured or treacherous rocks 
and for wide tunnel-sections side drifts are driven ahead of the main excavation 
for some convenient distance. The steel support of these drifts includes the main 
tunnel support posts and wall plates. Just prior to excavation of the main face, 
the drift support proper is removed, leaving the main posts and wall plate in 
position. These extend above the muck-pile, thus permitting erection of the main 
arch-ribs before mucking out. Where rock conditions are hard, break-ups are 
made towards the crown leaving the core in place, thus offering a convenient 
surface from which the roof can be quickly supported by jacks or props until 
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Fig. 6/68. Multiple-drift method 


the arch ribs can be placed. The ribs are usually multi-piece for manual handling 
in the restricted space. The main tunnel is excavated to the full face where rock 
conditions permit. The ribs are then usually installed in two pieces for speedy 
erection and early support of the main roof. Crown bars may be used to hold up 
the roof till the ribs are placed. When all temporary supports of the full section 
have been placed, the casting of the concrete lining is started. In practice, the 
formwork is strutted from the sides of the ground core. Finally, the ground core 
is excavated and cleared away and the invert is constructed last. 

A variant of the side-drift method is to make the side drifts large enough to 
permit the construction of the respective part of the permanent lining just up to 
the springing. The main arch ribs are then installed as an arch on these concrete 
abutments. The main support and the drift support are of the continuous rib 
type (cf. Section 61.311) in this case. As can be seen, this procedure is even more 
similar in principle to the German method. 

A further variant is obtained when an additional top drift is driven, in addition 
to the side drifts, and the supporting rib segments of the arch are placed in trans¬ 
verse cross-cuts upon the top of the side walls previously cast in the side drifts 
(cf. Fig. 6/68). 
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62.44. The Kurtz Method 


Another widely used tunnelling method is the Kunz method using mixed mate¬ 
rials for temporary support, namely steel formworks and arch ribs combined with 
longitudinal timber forepoling and timber props (Fig. 6/69). In this method the 
top heading is driven ahead in step-like stages. First, a short drift is advanced 
in the crown section of the top heading, ‘the roof of which is supported by crown 
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Fig. 6/69. Kunz method of mixed supporting material 
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bars pushed forward as cantilevers. The drift is then widened out towards both 
sides and steel supporting ribs (usually of small profile rails) are placed piece by 
piece at the extrados of the heading bearing the axially forepoled lagging. The 
front face of the heading is supported by breast boards strutted from the ribs, 
if necessary. These multiple-piece ribs are' composed of 3 or 4 segments con¬ 
nected to each other by bolted fish-plates as widening proceeds. In the same drift 
is the multiple-piece steel formwork also erected by a step lagging behind. The 
lower pieces of both structures are seated upon a longitudinal wall 
beam, the external ribs being braced from the formwork by special 
steel collar braces, known as riders. These riders are short steel-collar 
props consisting of two-channel or four-angle sections which can be 
seated into the 100-120 mm wide interstice of the double-channel 
steel segments of the formwork, where they are fixed and adjusted 
in length by hardwood wedges (cf. “A” in Fig. 6/69). When the 
riders have been placed, the top heading is broken out and the steel 
formwork supported by props from transverse sills. Side cuts are 
sunk next, while the transverse sill is underpinned by posts from 
the bottom of'these cuts. 

The construction of the masonry lining is started in the side cuts 
from the bottom upwards, the cuts themselves being supported by 
struts from the ground core. When the masonry is raised to the 
spring-line level, the lowest rider is replaced by a timber block and 
the masonry arch raised to the level of the next rider, proceeding in 
this way until the masonry arch is completed at the crown. As the 
construction of the arch proceeds the external supporting ribs are 
withdrawn piece by piece. In loose or running ground, however, it 
is better not to attempt the recovery and disturbance of both fore- 
poling and steel ribs; it is better to leave them in place and incor¬ 
porate them into the concrete. (This is also one reason why these 
ribs are usually made of used small-section rails.) Otherwise, it is 
rather common practice, in this and in other tunnelling methods for 
laggings, ribs and crown bars not to be recuperated but to be incor¬ 
porated in the masonry concrete. In such cases, timber will decay 
with time resulting in surface subsidences. With the Kunz method 
this decay is restricted to the wooden forepoling only and so is of little 
consequence. 

62.45. The Cologne Method 

In order to prevent undue subsidence owing to the decay of lost 
timber elements a special method, the ‘Cologne method’ has been 
developed where all lost elements encased in the concrete are of steel. 
The main features of this method are shown in Fig. 6/70. As shown. 
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corrugated steel boards (spiles) are used here for forepoling instead of timber 
poling, bearing on the steel stiffening ribs, and only the props and the transverse 
sill are of timber. The forepoling of the 1-8 m (6 ft) long spiles is effected by 
pneumatic hammers while the supporting ribs are spaced at 1-20 m (4 ft) only. 
Beside this considerable protrusion a substantial overlapping of the single spiles 
is a perfect safeguard against any intrusion even with the most squeezing and 
very loose grounds. 



Fig. 6)70. Section of the ‘Cologne' method 


Work is started here, also, with the driving of the top heading, which is con¬ 
stantly advanced during the following operations by a distance equalling the 
spacing of the ribs. Then the segments of the stiffening steel rib are placed in an 
annular cut made transversely from the heading, supported by props from the 
core. Then, forepoling of the spiles is effected around the outer flange. The core 
in the top heading is then removed, and the props replaced by longer ones provid¬ 
ing a new support, on a transverse sill. The excavation face is supported by breast 
boards in the meantime, as are also the faces of the annular cut. In the following 
stage, the steel ribs are lengthened in pits sunk at both sides down to the bottom 
of the tunnel, the transverse sill being underpinned by posts in the same way 
from the bottom. After this, the concrete lining is poured, starting from the 
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bottom, simultaneously with the erection of the formwork and the removal of 
the inner props and posts. Thus, the inner formwork is erected here only after 
the excavation of the full tunnel section, contrary to the Kunz method, where 
it is erected simultaneously with the supporting ribs. 

The great advantage of the Cologne method lies in its safe application in shallow 
depths (under a cover of 4-5 m) and in quite loose ground without incurring sur¬ 
face subsidence. Its great drawback, on the other hand, is that the steel of both 
the supporting ribs and the poling boards is lost as they will be embedded in the 
concrete. In Fig. 6/71 one shaft excavated in a sheet-piled enclosure is shown 
from which tunnelling may be started by simply cutting out the sheets in the form 
of the tunnel cross-section. 


6.3. TUNNELLING IN LOOSE GROUND 
AND UNDER WATERCOURSES 

The most simple method is the combined ‘cut and cover' tunnelling. 

Public utility tunnels, sewers and shallow underground-railway tunnels are 
often built with the cut and cover method. This is usually cheaper and more 
practicable than tunnelling, up to depths of 10 m (35 ft) in open trenches, the sides 



Fig. 6/72. Construction of the old subway in Budapest with ‘cut and cover’ 
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of which are supported by sheet piling or by simple timber bracing (e.g. ‘Berliner 
Bauweise’), dewatering being effected either by draining to sumps or by ground- 
water lowering depending upon the nature and stratification of the ground. This 
method was employed, for example, in the construction of the first Underground 
Railway in Budapest (Fig. 6/72) in 1896 and was developed and perfectioned in 
many respects in the construction of a series of modern subways (Paris, New York, 
Toronto, Montreal, Stockholm, Frankfurt, etc.). Although this is the most econo¬ 
mic method, it interferes with street traffic, restricts the alignment to the street 
network and requires the transfer and reconstruction of the intervening conduits 
of public utilities. It cannot properly be included in tunnelling methods, but consti¬ 
tutes rather a foundation method. 

When traffic does not permit an open cut in the entire width, the pavement is 
taken up, necessarily at night and replaced by a temporary deck under the cover 
of which the subway may be built. Where wide cutting would be objectionable side- 
walls and interior supports are built first in trenches, bore-holes or pits and roofed, 
after which the core is removed, and the bottom, insulation and interior coating is 
placed (Fig. 6/73). After the deck has hardened, the pavement may be replaced 
and surface traffic re-established. (Additional savings in time and in manual 
labour are obtainable when prefabricated deck elements are used.) The last 
items, i.e. the removal of the core and the construction of the inner coating, etc. 
constitute proper tunnelling elements (Fig. 6/74). Interference with street traffic 
is, thus, restricted to a minimum, i.e. for the time required to place the deck, 
and a reasonable transfer of the enclosed public utility conduits is also made 
possible (though it is more practical if these are all transferred beforehand). 

A prerequisite for the application of this method is the existence of a resistant 
soil layer underneath the temporary footing of the side walls, capable of bearing 
both the roof loads and the moving load of surface traffic above without undue 
subsidence. The economy of this method as opposed to the full width cut and 
cover is afforded by the omission of formwork and staging for the roof and of 
the extensive strutting of the sides across the wide trench. 

A very economic and clever improvement of the same idea was first applied in 
the construction of the Milan Subway (Italy), the Icos-Veder method/’ 11 compris¬ 
ing the following elements. 

In the first stage of the construction, as shown in Fig. 6/75, aim deep and 
1-50 m wide trench is excavated by a special trench excavator, bordered on both 
sides by longitudinal reinforced-concrete walls 25 cm thick at the outer side of 
the trench and 15 cm thick at the inner side. Then the trench is filled with a dense 
bentonite suspension, and a 60 cm wide cut is deepened by the same excavator 
from below the level of the bentonite suspension which is kept at a constant level 
to afford an effective support to the earth faces within the trench. Trenches of 


614 Cf. Krupinski, H. J.: Die U-Bahn in Mailand unter Anwendung eines neuartigen 
Bauverfahrens, Bautechnik 1959 10 
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Fio. 6/74. Earth excavation under the protection 
of roof built from 
the surface 


12 m depths can be safely excavated (detail 7 in Fig. 6/75) in this way. In the course 
of dredging, care must be taken not to lift too much of the suspension with the 
soil as the loss has to be made good. When a stretch of 5 m has been finished, 
the prefabricated reinforcement skeleton is sunk into the trench still filled with 
bentonite suspension, and the concrete is placed according to the rules of sub¬ 
aqueous concreting. The bentonite suspension, gradually squeezed out from the 
trench by the concrete, will overflow into the next trench section and secure exca¬ 
vation (detail 2 in Fig. 6/75). v (According to experience the suspension cannot 
be re-used more than 3 or 4 times, because of the contaminating effect of concrete 
and earth particles and because of the loss in its bentonite content due to sedi¬ 
mentation and adhesion.) When the level of the side wall concrete reaches the 
bottom of the roof, the soil above this level is excavated between the walls to make 
room for the reinforced-concrete deck construction. Prior to its casting, however, 
the side walls are strutted by a beam placed between the wall tops protecting 
the uppermost part of the trench (detail 3 in Fig. 6/75). After the concrete has 
hardened, the inner earth core is axially removed and the inner outfit of the tunnel 
completed (detail 4 in Fig. 6/75). 
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6.31. TUNNELLING BY SINKING CAISSONS 

Another practical tunnelling method at a shallow depth below the ground- 
surface or under river beds is either to sink adjoining tunnel units as caissons from 
the surface or - in the case of subaqueous tunnels - by launching and sinking 
prefabricated caissons in a previously dredged trench in the river bed. 

63.11. Sinking Caissons in the Form of Working Chambers 

Caissons used for this purpose may be constructed so that the working chamber 
is arranged separately underneath the prefabricated caisson or subsequently 
within a watertight enclosure of the established tunnel-section (see Fig. 6/76) 



or the inner space of the working chamber itself is converted later to the tunnel 
prop.r (see Figs 6/77 and 6/78.) Because of the higher elevation of such tunnels 
resulting from a much smaller cover depth, the length of the approaches can 
be kept to a minimum. 

The method is mainly used for the construction of subaqueous tunnels when 
the river bed is composed of loose, permeable, silty layers to a considerable depth 
in which drainage by either direct pumping or compressed air would be impos¬ 
sible because of the hazard of blowing out with the latter and of boiling up with 
the former (cf. Section 63.24 and Fig. 6/147). 

There is, actually, no difference between this construction method and the 
compressed-air foundation methods, as the caissons are assembled either on the 

43 Szechy: The Art of Tunnelling 
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shore, then floated and sunk between guiding stages under the river bed by pneu¬ 
matic dewatering, or they are erected on temporary sinking trestles (Fig. 6/78), 
and lowered from these in the same way. The only problem involved is the junction 
of adjacent units when sunk into position. This may be effected either by sealing 
the joints with subaqueous concrete or clay-fill poured into a temporary enclosure 
made with sheet piles, or under the protection of a floating working chamber 
(diving bell). When this external sealing is effected the bulkhead walls may be 
broken through from the inside and internal insulation and outfitting completed 
(cf. Fig. 6/81). 

63.12. The Floating Caisson Method 

Recently, vehicular and public utility tunnels have been constructed in increasing 
numbers by prefabricating tunnel sections in dry docks or on launching ways, 
floating them to the site (Fig. 6/79a-b) and sinking them into a dredged trench 



Fig. 6/79. Launching of (a) prefabricated stell tunnel section for the Washburn tunnel; 
(6) of the reinforced-conctete tunnel section for the Rotterdam tunnel 


43* 






Fig. 6/80. Striking operation scheme in Rotterdam 
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with a suitably prepared and levelled sand bed, then joining the sections together 
into a continuous tunnel and backfilling the trench (Fig. 6/80). The length of 
the units varies from 30 to 100 m (100-330 ft). At present 90 m (300 ft) is considered 
an optimum length. The adjacent sections are joined as in the case of pneumatic 
caissons. Sinking operations are controlled by floating derricks or other means. 

An example of this is shown in Fig. 6/81, as applied for the junction of the 65 m 
(218 ft) long and 21 m (70 ft) wide reinforced-concrete units of the Rotterdam 
Maas tunnel. In this pase aim wide interstice was left between the units. First 
the sides of this interstice were closed by. pushing two lock plates into the vertical 
grooves on the outer edges of the respective units, one of the plates being convex 
outwards and the other being plane. Then the space between these plates was 
filled with subaqueous concrete, and a diving bell, floated exactly over the site, 





a ) 

Air or water Ms 


Operat/onstage 


Am tank \ V/ 

Diving be/i\ 


Driven double steel ' Homonte / lock 

sheet pile well 


Interspace dewatered by 
compressed air 


Fig. 6/81, Subaqueous connection of sunk units (Rotterdam) 
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was seated on tne edges of the adjacent units. The working chamber was then 
dewatered by compressed air and the deck construction (i.e. the gap) carefully 
completed above the interstice and bound thoroughly to the depth of the immersed 
units. Afterwards, an air lock was mounted upon the deck of one of the units, 
from which the bulkhead wall on the contact side was then broken through ( d ) 
in Fig. 6/81) and the water excluded from the whole of the adjacent unit. The 
invert was placed monolithically connected to the side wall enclosures. Joints 
were finally sealed by special grouting from inside the tunnel. 

Another type of joint especially used with steel-tube tunnels is to apply circum- 
ferencial watertight sleeves protruding over the end of the adjacent units, over¬ 
lapping on all sides. The required connection can also be effected in this case 
by compressed air, but directly from the inside of the adjacent tubes. 

The internal pavements and coatings, ducts, etc. of the tunnels can all be pre¬ 
pared in the prefabricated units when in the dry docks or when floating, with the 
exception of joint sections. The uniformity and evenness of the subgrade of immers¬ 
ed units can be secured by subsequent hydraulic filling underneath or by more rigid 
end supports such as subaqueous bearing plates on pile groups, supporting pile- 
bents (e.g. Ij tunnel, Amsterdam). 

This tunnelling method is now in full development and will apparently soon 
replace tunnel shields in the construction of many subaqueous tunnels. As further 
examples, the Washburn 615 (a steel tube tunnel), the Rotterdam, 616 the Amsterdam 
(Velsen and Ij), 6 - 17 the Rendsburg 618 * and the Deas Island, (Vancouver) 618b 
tunnels (reinforced-concrete tubes) may be mentioned, and that a suggestion has 
been made that the Channel tunnel should be constructed also by using this 
method. 618c 

6.32. SHIELD TUNNELLING 

Whatever mining methods are applied in tunnel driving, certain drawbacks will 
be inherent to them. 

1. The first, and as regards rock pressures, the most important is that the 
construction of tunnel lining can follow the excavation of the cavity only after 
a certain lapse of time and, in the meantime, only temporary supports are 
installed, admitting a certain amount of displacement even with the best 
workmanship, involving an, extension of the loosened zone. 

615 Le Tunnel Washburn, Ossature Metallique 1949 10 

616 Fritzlin, M. C. : Le construction du tunnel sous la Meuse a Rotterdam. La Technique 
desTravaux 1949 March 

617 Eggink, I. R. A.: De tunnels de Velsen, De Ingenieur 1953 Sept. 

De Ij-tunnel. Werk in Uitvoering Dienst der Publieke Werken, Amsterdam 1961 Sept. 

6 isa The Street Tunnel under the Kiel Canal at Rendsburg. Bull, of Wasser u. Schiffahrts- 
direktion, Kiel 1961 

6188 Per Hall; The Deas Island Tunnel, Proc. AMSCE 1957 Nov. 1436 

e isc l ASSENj m- ; and Nielsen, C. N.: Projekt ti kanaltunnelen Ingenioren Febr. 1962 
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2. Much time passes between the excavation of the face and the perfection of 
the permanent lining which, in addition, is not always effected in a conti¬ 
nuous course along its whole perimeter, but with interruptions leading to 
intermediate settlements. 

3. The excavation and walling in several parts slow down construction progress, 
essentially disturbing the unity of the working area and rendering progress 
altogether difficult. 

4. A special drawback is the necessity for repeated installation and demolition 
of temporary proppings. 

5. The larger the tunnel and the smaller the strength of the rock, the stronger 
and more densely spaced propping will be required leading to increased 
slow-down of progress, to difficulties in transport and to increased timber 
consumption. 

These drawbacks are responsible for the trend to apply free-face tunnelling 
methods in solid rocks and to extend its use to rocks of moderate strength by 
means of rock-bolting and by the reasonable combination of various steel-sup- 
porting systems. 

Difficulties show themselves to a greater degree in recent alluvial deposits, 
i.e. in soils where a coherent united working area can be secured by the shield 
method only. 

The tunnel shield is a moving metal casing, which is driven in advance of the 
permanent tunnel lining, to support the ground surrounding the tunnel-bore and 
to afford protection for construction of the permanent lining without any tempo¬ 
rary support or timbering. 

In fact, the shield is a rigid steel cylinder open at both ends, providing facilities 
at its front for the excavation of the ground material and at its rear for the erection 
of the prefabricated lining. Thus, the shield is always forced ahead by steps keeping 
pace with the progress of excavation and erection work to the extent that the 
excavated hole should be well supported until the permanent lining is constructed. 

A full cycle of shield-tunnelling comprises the following items (Fig. 6/82): 

(a) excavation and temporary support of the front face at an appropriate depth 

(b) advancing the shield, taking support on the previously erected lining 

(c) placing another course or ring of the permanent lining. 

As the only face left unsupported during the working cycle is at the front, the 
amount of advance and of unsupported face area must always be carefully adjusted 
to actual soil and ground-water conditions. 

Shield-tunnelling offers four essential advantages: 

1. The tunnel section can be advanced with its full dimensions. 

2. It offers a moving but constant support to the advanced tunnel. 
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Fig. 6/82. Principle of scheme of shield tunnelling 


3. The omission of any temporary support is compensated for by the imme¬ 
diate installation of permanent tunnel lining. 

4. By speeding up construction work, it prevents the development of higher 
rock loads. 

In hard rocks where excavation must be effected by blasting, the shield tunnelling 
method has to be excluded partly because of the sensitivity of its inherent machin¬ 
ery, partly because of the loss of its steerability. 
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63.21. Structure and Dimensions of Tunnel Shields 

The principal element of the shield structure is the skin which is constructed 
of steel plates, bent to the shape'of the tunnel section and slightly larger than it. 

The skin may be divided into three main parts, differing in their inner rigidity 
and arrangement in accordance with their purpose. 

1. The front end of the skin, where excavation is effected is heavily reinforced, 
generally with steel castings to form, the cutting edge, its inner rigidity being 
increased by stiffening rings. Its principal purpose is to facilitate the smoothest 
possible advance and steerability of the shield skin by cutting the face, and to 
provide for as uniform a distribution as possible of the mighty pressures induced 
by its being forced ahead. 

Its secondary task is to give an adequate shelter to the workmen engaged in 
the excavation, through affording a certain support for the front face. 

2. The intermediate or trunk part is destined for the housing of pushing machin¬ 
ery (hydraulic jacks, high-pressure pump installations, etc.). 

3. The tail part of the shield is designed for the erection of lining segments, 
i.e. for the building up of the tunnel lining. 

4. In addition, some important supplementary elements are incorporated in the 
interior of the shield mostly in combination with its stiffening elements, such as 
working platforms mounted upon the horizontal and vertical stiffening posts 
and girders, or front-support (face) jacks mounted upon the division walls of 
working-boxes, etc. 

5. The shield construction proper must be supplemented by special machinery 
for excavation, mucking, material conveyance, erection and grouting, all indispens¬ 
able with shield-tunnelling but still independent of the shield-construction proper 
(Fig. 6/83). 

In the design of the main parts of a shield, the following principles must be 
taken into account. 

ad 1. The cutting-edge, of which the primary purpose is to facilitatate the 
penetration of the shield skin ahead into the ground-mass, while it has to over¬ 
come earth resistance. In order to reduce this resistance, the previous excavation 
of the front-face is desirable to the greatest possible extent. This cannot be 
effected, however, in full as the steering and safe direction of the shield requires 
that a certain area along the perimeter should be ‘peeled off’, too. 

Namely, in a totally excavated face the shield would loose its support and 
would become liable to wobbling and torsion. It can keep its position and 
direction only when it has a certain ‘hold’ on the surrounding ground along the 
perimeter of the cutting-edge. This hold is necessary not only because of its 
steerability (effected by the exertion of unequal pressures by the jacks on advanc¬ 
ing the shield) but a certain cut-off is a great asset against the intrusion of the 



682 


CONSTRUCTION AND DESIGN OF TUNNELS 


















SHIELD TUNNELING 


683 



surrounding loose grourfd into the interior of the shield. In particular, the layers 
at the crown are liable to intrude through the front, and they are also the most 
harmful as regards surface subsidence. This accounts for the use of special roof 
shields in loose ground with the top third of their perimeter projecting, by some 
2-4 dm (8-16 in) ahead in proportion to the shield diameter (cf. face-stabilization 
methods, Section 63.221). 

This hood or roof is actually a projecting part of the cutting edge and struc- 
it turally is built up entirely in the same way (cf. Figs. 6/84 and 6/85), with the sole 
exception that its stiffening brackets need to be of heavier design correspond- 
ng to the increased projection. It is, however, more difficult to steer and to 
keep in line a roof-shield and, therefore, it is usually of such a construction that 
when the loose and weak layers have been passed over the hood can be dismantled. 

An additional task of the cutting edge is to resist and to transmit the pushing 
force of the jacks over the shield skin. This must be taken into account also in 
the structural design, and stiffening brackets must be distributed opposite to 
the seats of the hydraulic jacks (rams). 

The section and shape of the cutting edge must comply partly with the require¬ 
ments of cutting and partly with the transmission of jacking pressures. 

This is best fulfilled by the unequal angle shape, with the projecting horizontal 
leg providing for cutting, the rectangular vertical leg for the support of jack pres¬ 
sures. 

The cutting edge of smaller diameter shields may be constituted by the skin-plate 
itself, when extended, pointed and stiffened by brackets accordingly. The pointed 
surface may be artificially hardened (carbidization) or provided with a special 
wear resistant coating (Fig. 6/86a). 





Fw. 6/85. Design of a roof shield 
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In earlier shields the cutting edge was constructed as a riveted or welded steel 
structure reinforced by a cast-steel inlay along the perimeter of its extreme edge 
to offer a greater resistance to wear due to the quartz content of the ground. 
(The effective design of a sufficiently resistant structural bond of this inlay to the 
steel-structure proper is of major importance.) At present there is a tendency to 
form the cutting edge entirely of cast-steel blocks. These blocks have to be joined 
to the skin very carefully. The usual method is to give an immediate support to 
the vertical leg of the casting by a stiffening ring, which in turn must be supported 
by rather densely spaced longitudinal ribs acting also for the transmission of 
stresses to the skin. 

The support offered by, and the connection to, the inner stiffening ring must 
be resistant enough to prevent both the outward and inward turnouts of the cutting 
edge. As the outward turnout is greatly encouraged by the inclined face of the 
cutting edge, sections with rather thin bare projecting legs have been employed, 
recently, with stiffening brackets instead of the former nearly full edge shapes 
(Fig. 6/86d). Inner turnout may be encountered when the cutting edge is con¬ 
fronted with some hard rock boulders or the like. Moments of turnout are the 
bigger the longer the projecting horizontal leg, therefore this hazard may be 
lessened by reducing its length. 

The influence exerted upon the advance and the stressing of a shield by the inclination of 
the cutting-edge point may be best illustrated by the experience gained with the first shield 
of the new Budapest Underground. In this case the lower cutting-edge inlays were mounted 
with a slight inward inclination (1 : 20) at the bottom quarter in order to anticipate progressive 
sinking (wobbling) of the shield into the previously assumed soft bottom layer. The layer 
was in fact not as compressible as assumed and the shield, after being forced only a few metres 
ahead suffered a vertical diametrical deformation of 300 mm (12 in) when it had to be stopped. 
After the removal of the cutting-edge point insets mentioned and replacing them with parallel 
faced ones, similar to those applied along the whole circumference, the work was able to 
proceed without any further deformation. 619 

It sometimes happens that insets have their points rising outwards in order to 
reduce friction resistance through progressive loosening. This arrangement, how¬ 
ever, may tear oif the connections and lead to a turnout. 

The same care and foresight which is necessary in choosing the wedge-shape and 
inclination of the cutting edge is necessary in the choice of the measure of its projec¬ 
tion relative to the shield skin, which is in correlation with the magnitude of acting 
earth pressures and through that with the pushing force required for advancement. 

Whereas a cutting-edge shape outwardly inclined and slightly (1-2 cm) in excess 
of the shield diameter is advisable in hard grounds (cf. Fig. 6/86a) producing 
a slight annular space around the skin incurring a certain loosening of the sur¬ 
rounding material and, thus, involving a certain decrease in the acting earth 
pressure, such a shape is unsatisfactory in weak ground because the annular void 
initiates a progressive loosening-action leading to an increase of rock pressures. 

619 Similar distortions were reported by Pirrie from the construction of the Toronto sub¬ 
way cf. Proc. Inst. Civ. Eng. 1966 May, 71. 
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ad 2. The following shield section, the trunk, is attached to the cutting edge. 
It is primarily a housing for the hydraulic equipment necessary for the advance¬ 
ment of the shield. As the shield is sliding on the outside surface of the steel skin 
ahead, all possible projections and sockets should be avoided there and it should 
be kept as smooth and even as possible. The thickness of the skin varies between 
15 mm and 70 mm (5/8 in and 2-5 in). Thicker skins are multi-layered, connected 
with alternately overlapping splices either riveted or welded. Riveting is rarely 
used now, but if it is outside, cover plates are to be avoided and counter-sunk 
rivets are to be used. Any projecting heads are quickly worn off by the soil in 
addition to involving a considerable and superfluous increase in frictional resis¬ 
tance and to increasing the extent of the back-space. For the same reason an 
outside gradiation of the skin-plates is also to be avoided. 

The trunk part of the skin can be stiffened in several ways. For example, in the 
Soviet Union where shields are destined for constantly repeated and long-term 
use the skin is composed of cast-steel elements provided with stiffening ribs 
(cf. Fig. 6/85). Another solution, the simply-ribbed mild-steel skin plate as custo¬ 
mary for smaller diameter shields is shown in Fig. 6/87. The skin of larger-diameter 
shields is usually stiffened by ring-shaped riveted or welded inner diaphragm 
girders of I-sections. The stiffened girders are spaced at 0-60-1 -80 m (2-6 ft) 
unequal distances varying in accordance with the inner arrangement and with 
the acting forces. Although their number and dimensions depend primarily on 
shield dimensions their inner arrangement is also a function of the type, dimen¬ 
sions and operating machinery of the hydraulic jacks employed. For example, 
with double-acting jacks, they are usually placed between two stiffening rings, 
whereas with single-acting jacks, where additional retracting jacks are also operated, 
three rings are applied as a rule. The first ring does not have to resist the stresses 
aroused from pushing the shield ahead, but is merely to provide a safe support 
for the cutting edge. The main advancement jacks (rams) are seated upon the second 
ring, whereas retracting jacks have their anchorage in the third. The interstices 
between the stiffening girders in the bottom third of the shield are covered and 
used as an operation platform. Large-diameter shields cannot be satisfactorily 
stiffened merely by rings, but must be additionally braced by vertical posts and 
horizontal beams so that the whole area is divided into separate working boxes 
(see Figs 6/85 and 6/88), where several gangs can do excavation work simultane¬ 
ously (see Fig. 6/84). The boxes should have a minimum width of 1-20 m 
(4 ft) and a minimum height of 1-80 m (6 ft). The working pockets of the large 
shields are generally equipped with sliding platforms which are operated by auxili¬ 
ary hydraulic jacks and which can be extended to the face of the excavation and 
used not only for the workmen to stand upon, but also to form a support for 
the face. When the shield is advanced, the platform- and face- supporting auxiliary 
jacks are slackened, permitting the jacks to recede as the shield moves forward 
and, at the same time, maintaining a constant pressure on the face supports. 
In the extreme case of liquid ground the stiffening ring next to the cutting edge 
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Fig. 6/88. 8 5 m dia shield, stiffened with division walls, under erection 
in the shield chamber 


may be developed to a perfectly closed diaphragm wall (bulkhead) perforated with 
sluice-gates for material transport or communication only (see Section 63.221). 

Stiffening members must be dimensioned for the most unfavourable loading conditions, 
represented by the action of full overburden weight from above counteracted by an equal 
bottom reaction in the case when no lateral support is afforded owing to an excessive over¬ 
break on the sides. For this loading assumption we obtain, after Forchheimer (pf. Section 
43.22), a bending moment acting upon the ring-wall: 

.. P r ' ij. 

M =-cos 2<p , 

4 

and an axial force: 

N = pr sin 2 <p . 


Maximum bending moment at the crown and springing: 


max 


prl 
4 


Maximum axial force at the springing /V milx = pr and minimum axial force at the crown 

= 0 . 


44 Szechy: The Art of Tunnelling 
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The radial deformation of the ring: 


<5 = 


1 pr l 
12 EJ 


- cos 2<t>, 


and the shortening of the vertical diameter: 


Elrf = 2<5 max =-i^l 

6 EJ 

where p = the unit vertical rock pressure taken as equal to the overburden pressure in general, 
because only quite exceptional constructional circumstances and ground 
characteristics could justify the consideration of arching. 

Powerful hydraulicyacfo (rams) are placed in the central part of the shield be¬ 
tween the stiffening girders to force it ahead. They are located just inside the skin 
in order to bring their axis closest to the centre of gravity of the lining segments 
and to that of the cutting edge to reduce eccentricity and bending moments to 
a minimum. They are spaced uniformly around the perimeter and are housed in 
openings called jack ports in the transverse stiffening girders (rings). They con¬ 
stitute the most important elements of shield operation, and bear on jack seats 
on the web of the forward stiffenings girders (behind the cutting-edge structure) 
and are supported on the placed lining segments (see Fig. 6/82). To effect ad¬ 
vancement they have to overcome the following resistances: 

external friction between sljield 
skin and surrounding ground 

mi 

inner friction between tail-skin 
and placed lining segments 

mi 

passive earth resistance against 
the intruding surface of the 
cutting edge (W 3 ); 
partial resistance of the free 
face depending on whether it 
is supported by face-jacks or 
some other kind of yielding bracing, or bulkheaded during advancement 

The determination of the magnitude of these resistances in advance is very 
difficult, chiefly because of uncertainties about the resistances on the face, which, 
however, are usually preponderant compared with the frictional resistances on the 
skin. 

Approximate formulae for them may be found in the Soviet literature as follows 
(Fig. 6/89): 



Fig. 6/89. Resistance 

forces acting against propulsion 
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W r = pL±&- LnD + G p]/ i = \P, fl + ^ 2LD + G nVi ’ C6-8) 

where p y = the vertical rock pressure 

p x = the horizontal rock pressure 
L = the length of shield 
D = the diameter of shield 
G p = the weight of shield 

/j = friction coefficient between shielcl-skin and ground. 

fV 2 —f 2 Q .11 (6-9) 

where Q t = the weight of lining segments erected in the shield-tail 
/, = the friction coefficient between skin and segments. 

fV 3 = nD k S Py A p , (6.10) 

where D k — the shield diameter measured in the centre line of the cutting edge 
<5 = the thickness of the cutting edge 

X p = the coefficient of passive earth resistance. 

¥ovp v X p Samoylov 6193 gives a correlation based upon the rupture theories defin¬ 
ing the ultimate bearing capacity of foundation strips (q u ) 

P y K = [(</„ + k cotan 4>) k p e* ,an 

where k = a shape factor 

<j) = the angle of inner friction. 

Finally 

W> = PyXF, 

where F = the face area supported by the bulkhead or by the face bracing 
/. = the ratio of vertical and horizontal pressures, depending upon the 
* process of loosening or compression involved and ranging between 

the active and passive earth pressure coefficients. 

(An average value of p y ). p may be taken as 60 t/m 2 = 850 lb/in - ./ >,19b 
The number and capacity of jacks are to be assumed with a safety factor of 

1- 5-2-0 as obtained from the above equations. This is required not only because 

of the incertitude of the above computational estimates and the necessity for 


619a Samoylov V. P.: Usilia vosnykayushtshie . .. truboprovodov (Earth resistance to be 
overcome at the propulsion of shields and with pipe-jacking). Sanilarnaya Tehnika 1957 10. 

6 l9b Cf. Illesy, J.: A pajzsos alagutepites kulonos tekintettel a pajzsok tervezesere. (Shield 
tunnelling with special reference to shield design), Mernoki Tov. Kepzo 1954 2101 
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operational safety, but also to provide for safe steerability which is always affected 
by overstressing during the advancement of one group of jacks on one side and 
releasing the opposite group simultaneously on the other side. 

Shield jacks have to perform two movements, namely by the propulsion of 
their pistons when they have to advance the shield and afterwards when they have to 
provide for the necessary space for the erection of the following ring of lining 
segments which is effected by subsequently retracting the jack-cylinders to the 
pistons. In practice, this double operation may be .effected either by double-acting 
reversible jacks or by the combination of single-acting and separate retraction 
jacks. 

The advantage of double-acting jacks is that the fluid pressure in the cylinder 
acts on the full piston (plunger) surface when in propulsion, and after entering 



Fig. 6/90. Double-acting jacks 
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the cylinder, will exert only a reduced effect upon the smalFannuIar surface left' 
between the cylinder wall and piston (plunger) rod, but one which is still sufficient 
to push back the piston proper (Fig. 6/90). In any case, the inner surface of the 
cylinder must be smoothly polished with the greatest care which involves con¬ 
siderable costs. 


Fig. 6/91. Single-acting jack 



Shoe 


Guide bush (p/vot ring) 
Ram 


— Leather packing 


Pressure 


As opposed to this, single-acting jacks require much more simple machining, 
because the careful polishing can be restricted to two small inlaid rings which, 
however, can also be inserted subsequently (Fig. 6/91). On the other hand, pistons 
(plungers) after propulsion can only be withdrawn by special devices. This is 
most usually done by employing special retracting jacks or auxiliary pistons 
(plungers) for this purpose. Retracting jacks are small-capacity jacks with a 
stroke equal to that of the main advancement jacks but with an opposite move¬ 
ment. They are usually placed in line with the main jacks in order to avoid undue 
lengthening of the shield and drag the jack-shoes forward by means of traction 
rods through the intervention of a pressure distribution ring. The disadvantage 
of this arrangement is shown not only by the necessity of applying special devices 
for this purpose, but it incurs a definite increase in the shield length. Various 
auxiliary-piston devices incorporate secondary piston machinery built into the 
main piston body. This, of course, will not require any surplus lengthening of 
the shield-skin but involves more delicate and more expensive machinery. 

The jacks must be supported very carefully. Cast-steel seats are placed for the 
bearing of the front and on the cutting edge (cf. Fig. 6/90), whereas support at 
the rear on the lining segments is effected either by direct bearing on them by 
means of specially formed cylinder shoes or by special pressure distribution rings 
inserted between these shoes and the segments. It is a general requirement for 
the transmission both of propulsion forces to lining segments and tension stresses 
therefrom to shield-skin that this should be effected with the smallest possible 
eccentricity. Therefore, both the jack shoes and the pressure distribution rings 
are asymmetrical in section so that pressure should be transmitted nearest to the 
centre of gravity of the lining segments. Such a pressure ring of asymmetrical 
U-section is shown in Fig. 6/92. 

The second group of shield jacks includes face jacks, which are intended to 
afford a steady support for the excavation face independent of the advance of 
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Fig. 6/92. Section of pressure-distribution ring 

the shield. These are attached to the inner transverse platforms and vertical 
division walls in such a position that the plungers when in the protruded position 
extend to the outside plane of the cutting edge there to afford an intermediate 
support to the breast-board planks. Face jacks are single acting and their stroke 
should be equal, at least, to the width of one lining segment ring. When mounted 
upon sliding platforms operated between the division walls, this operation length 
must also be taken into account when choosing their stroke and length. They are 
usually Ideated in the foremost part of the shield body in the immediate vicinity 
of the cutting edge (cf. Figs 6/84 and 6/85). When shield advancement is finished 
and at the very start of a new cycle the face jacks have to support the face with 
repelled plungers while the fluid is extruded from the cylinders to be recuperated 
in turn into the system again. During the commenced new ‘push’ the plungers 
again protrude. 

The jacks are operated hydraulically and connected to central distributor blocks 
and controlled through a battery of valves under the control of the operator, 
so that he may advance or withdraw any one or any combination as required. 
The block is a steel casting provided with bore holes having a valve-controlled 
outlet for each jack and a central inlet bore with a conduit to the high-pressure 
hydraulic pump. 

As the advance jacks have to exert pushing forces up to several hundred tons 
each, very high fluid (water or oil) pressures (250-500 atm) have to be applied 
and thick wall (10-15 mm) conduit-tubes must be used from pumps to jacks. 
The pumps themselves may be eventually located apart from the shield in the 
completed tunnel section whereas distributor blocks and feeding conduits are 
always located in the trunk of the shield. 

The operation of face jacks does not require the exertion of forces of similar 
magnitude, therefore it is usual to feed them separately by a pump distributor 
block and pipe network system at a lower pressure (30-50 atm) which is suitable. 
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at the same time, for manoeuvring the sliding platforms, installed eventually 
between the stiffening members (beams and posts) of the iarger diameter shields. 

ad 3. The most delicate section of the shield skin, apart from its joint to the 
cutting edge, is its third section, the tail. This is mainly exposed to deformation 
as the installation of any inner stiffening is impossible because of the lining seg¬ 
ments placed there. 

Its free length is determinated by the width of the lining rings applied and it is 
considered that at least an overlap of 1 1/2 times this width should be provided for. 
In addition the width of an eventual pressure-distribution ring must also be added 
and provision has to be made for the removal and replacement of shield jacks 
when necessary. 


Inside view of shield 




Pressure distribution and control block with valves and 
pipe connections 


Fig. 6/93. Arrangement of pressure distribution blocks inside the shield 


Certain authors 6 hold the view that the free tail length should be enough 
to cover the width of two entire lining rings and to afford, in addition, an overlap 
of a few centimetres for the third ring. This provision should make it possible 
for the segments of the first or second ring to be replaced by new elements while 
still within the shield, should they be damaged under the heavy jack pressure in 
the course of advancement. The trend to increase the width of the rings in order 
to lessen the number of leakage spots, i.e. the joints, is also in favour of longer 
tail sections. 

On the other hand, it must not be disregarded that not only can the unduly 
long and unsupported tail skin be easily distorted, but through the increase of 
the total skin length involved higher jack pressures will be required for the advance¬ 
ment and a long shield loses very much of its steerability. In case of absolute 
necessity an increase of the skin thickness must also be considered, but this can 

620 Singstad, O.: Tunnels, American Civil Engineering Practice 1 10—24 
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De effected only inwards to prevent any unduly high rise in sliding resistance. 
The increased thickness will also result in an increase of the hollow annular space 
left behind after the advancement (cf. the measure ‘A’ in Fig. 6/82) leading to 
greater loosening of the overlying strata. In this respect, the greater rigidity of the 
middle (trunk) section may involve a certain stress relief for the more flexible 
tail section, by taking over a bigger portion of the loads. 

It is customary to make a bottom cut in the skin plate of the tail section cor¬ 
responding in length to the width of the segment rings and with a central angle 
of 90° to 120° in order to prevent a sudden fall of the lining from the invert face 
of the shield upon the ground surface left behind at the advancement. 

ad 4. As special structures built in the shields the division walls, working plat¬ 
forms, face supports and bulkheads must be mentioned. 

Division walls and working platforms usually divide the larger shields into 
working boxes and consist of stiffened steel plates connected to the skin plate 
by angles or by welding along their full length. The web plates of the vertical 
division walls are led without interruption or splicing from the inside top to the 
bottom of the skin plate and it is the horizontal platform plates which are inter¬ 
rupted and connected to the former by angles. 

Working platforms usually slide on the horizontal division members and are 
operated by the hydraulic system mentioned above. These platforms can be 
advanced slightly beyond the front plane of the cutting edge, thus affording not 
only excavation facilities, but also partial edge supports to the face. The extension 
measure of the sliding platforms may have a terrace-like 
arrangement mainly for large diameter roof shields working 
in very soft ground (Fig. 6/94). 

Face bulkheads are composed of a steel-joist grid cover¬ 
ed with double steel plate sheeting and provided with inlet 
openings. These openings are controlled by sluice gates, 
which are usually opened when the shield is advanced to 
admit the entrance of the highly plastic material. The front 
bulkhead is stiffened and supported by the division walls 
and beams which in this case extend to the front plane of 
the cutting edge though under normal conditions they 
only reach its rear plane. (Effective support of the front 
face can be obtained by various mechanical excavation im¬ 
plements installed, recently, in the shields; see below un¬ 
der Section 63.22.) 

When the above structural elements and their dimen¬ 
sions have been decided upon, we may proceed with the 
determination of the main shield dimensions, i.e. its dia¬ 
meter and length. 

Shields have, in general, a circular shape, as this shape 
affords the best resistance to outside pressures, prevailing 
in recent alluvial deposits where shield tunnelling methods 


Cutting edge 

Bulkhead _ 
wall 

Projecting 

working 

platform 

Hood 


Inlet gates 
('sluices) 


Direction 
of shove 


Fig. 6/94. Operation 
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are mostly used. (The pressure conditions in these loose and soft, heavily water¬ 
logged layers may be characterized by the approximate equality of vertical and 
horizontal pressures and by their uniform distribution around the perimeter.) 
In addition, this shape is most suitable for forming easy and exact bolted joints 
between consecutive rings. It is a common experience for shields to show a rotating 
tendency around their longitudinal axis as they are advanced. This is largely due 
to oblique stratification, to asymmetrical external pressures and to non-uniform 
excavation at the face. If the shields were oval or rectangular in cross-section 
the rotating movement around a rigorously followed longitudinal axis would lead 
to gradual mis-shaping of the section and an increase in stresses and might even 
make the longitudinal bolted connection of successive rings impossible. 

At first, shields of oval and rectangular cross-sections were tested, e.g. the first 
shield of Brunel was of this type, but it was soon abandoned by Greathead, 
because in addition to the drawbacks mentioned above it was observed that 
a bigger pushing force is required for their advancement than for circular shields. 
A bigger arching action will take place above circular shields leading to a decrease 
in rock pressure and, consequently, in frictional resistance. 

Occasionally, arch-like circular segment shields are also used, mainly in the 
construction of large underground structures where side walls and springing 
supports have been previously built up either in suitable mining drifts, e.g. German 
method, or in the form of smaller diameter tubes. Sometimes a bedrock boundary 
lying at an appropriate level may also favourably constitute such a support. 



r Cast-iron lining segments 
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These half shields or open shields may undergo considerable mis-shaping owing 
to their horizontal deformation. Therefore, they have to be supplied with hori¬ 
zontal ties at their bottom ends and can resist only a relatively small vertical load 
and so are suitable only for small depths. 

The diameter of the shield is rather definitely determined by the clearance 
requirements of the tunnel proper. As all operations (excavation, mucking, trans¬ 
port, erection) must be done and all mechanical equipment (jacks, pressure pumps, 
platforms and conduits, erectors, loading machines, etc.) must be installed within 
the limited inner space of the shield, a reasonable economical utilization of this 
space - chiefly with smaller diameter shields - is of primary importance. In the 
first instance, the reduction of the number of jacks, the removal of pressure pumps 
from the shield and the omission of working platforms, division walls, etc. must 
be considered. 

The choice of a shield of suitable length is a basic problem. It can be seen from 
the above considerations that this is mainly determined by the dimensions of the 
jacks and of the lining segments. The operating conditions of the shield are mainly 
affected by the relative length, i.e. by the shield diameter compared with shield 
length. This ratio governs the steerability, mobility and the steadiness of its 
direction. The shorter the shield, the more difficult it is to keep it in the correct 
line and the easier a change of its direction, e.g. on curves, will be, whereas 
the longer the relative length of the shield, the easier it is to keep it in its original 
direction, but the more difficult to bring it back from an accidental incorrect 
direction and, in addition, the more difficult is its advancement. Therefore, definite 
advantages may be attributed to longer shields in loose and soft ground and in 
relatively long straight stretches, but in more resistant ground and in curved 
(sinuous) stretches shorter shields will afford greater advantages. 

This relative length will become disadvantageous mainly with smaller diameter 
shields as the installation of indispensable shield machinery requires a certain 
space which cannot be reduced. As the steerability of smaller diameter shields is 
rather poor, an attempt has been made to insert an articulated transverse joint 
in the middle of the skin. The longitudinal axis of the shield may then be altered 
by adjustable bolts, applied in the joints and, thus, it can be brought back to the 
correct position. 

The ratio of relative length varies between 0-4 < LjD < 1-4 but, according to 
present considerations, should not, in any case, exceed 0-70-0 75. The relative 
length and some other important data of shields employed in some noteworthy 
shield tunnels are indicated in Table 6/VIII. 

Richardson and Mayo give the following formula for the approximate steel 
weight of a tunnel shield: 

W = 15(D — 10), 


where W = the weight of shield in tons 
D = its external diameter in feet. 


( 6 . 11 ) 
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Table 6/VIII 

Comparative Data of Shields 


Name of tunnel 

Dia¬ 

meter 

D (m) 

Length 

L 

(m) 

L 

D 

_1 

Number 

of 

rams 

Thickness of 1 
skin plate 
(mm) 

Total 

pres¬ 

sure 

(t) 

Weight 

of 

shield 

(t) 

Remark 

Antwerpen 

950 

5-50 

0576 

32 

70 

6400 

275 

Cast steel 

London City 

3-86 

2-13 

0-55 

6 


186 

— 


Rotherhite 

935 

549 

0-586 

40 


6700 

- 


Moscow Metro 

9'50 

4-73 

0-50 

36 


3500 

340 

Cast steel 

Moscow Metro 

600 

4-97 

0-83 

24 


1800 

120 

Cast steel 

Budapest FAV 

550 

600 

1 09 

20 

20 (50) 

2500 

80 


Budapest FAV 

850 

6-50 

0-764 

24 

30 (60) 

6000 

180 


Queens-Midtown 

965 

570 

0-59 

28 


5600 



Mersey (segment) 

3T2 

3-52 

1T3 

10 

19 

770 

- 


Blackwall 

861 

5-78 

0-67 

34 

63 

5785 

224 


Holland Vehicular 

9T7 

5-73 

0-63 

30 

70 

6000 

400 


Detroit Dearborn 

654 

426 

0-65 

20 

55 

3120 

- 


Lincoln 

9-63 

4-71 

0-49 

28 

63 + 12-7 
in the tail 
section 

6440 

304 


Chicago 

underground 

7-68 

5-93 

0-77 

24 


4800 

225 


Brooklyn Battery 

963 

4-71 

0-49 

28 

63 + 12-7 
in the tail 
section 

6440 

315 



Actual weight figures are also given in the above table and, as shown, shields 
constructed of steel castings have about twice the weight of those made of normal 
structural steel. 

63.22. The Main Working Procedures of Shield Tunnelling 

Under the protection of a shield the following working procedures have to 
take place: 

(a) excavation (63.221) 

(b) mucking (haulage) (63.222) 

(c) shield advancement (63.223) 

(d) erection of tunnel-lining (63.224) 

(e) grouting, caulking and drainage (63.225). 
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63.221. Excavation. This takes place at the front-face and', as regards security 
it is the most difficult part of shield tunnelling. Shield tunnelling necessitates the 
excavation of the full-face, which in turn is not an easy task considering that 
shields are used in less resistant ground and the stability of face areas exceeding 
50 m~ is frequently required. 

The face may be stabilized and supported by the .following means: 

(a) The application of a roof shield (cf. Section 63.21) transfers the plane of 
action of horizontal pressures (p h ) responsible for the intrusion of ground masses 
towards the inside of the face by the protruding length (x) of the hood. Through 




Fig. 6/95. Sketch and view of segment-shaped shidld for columnar type station (Moscow) 
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Fig. 6/96. Face stabilization by means of the Joosten silicatization process 


this, the acting external pressures are partly resisted by this earth wall, viz. the 
pressures acting on the original face will be reduced in proportion to the weight 
of the earth mass loading upon the face. Horizontal pressures ( p h ) are produced 
by the vertical pressures ( p r ) and the corresponding weight is supported in this 
case directly by the hood (cf. Fig. 6/97a). 

Roof shields also offer advantages in loose ground when the face is breasted 
prior to each push, in that the breast support may be installed at such a distance 
ahead that the push length can correspond to the full width of a lining segment 
ring. 

(b) The face can be supported by breast-boards either in full or in skeleton 
arrangement. Breast-boards are to be supported from division walls or from stiffen¬ 
ing rings either by direct struts or by face jacks. In the former system tedious and 
sometimes hazardous dismantling is necessitated. 

(c) A very advantageous supporting effect is obtained by the application of 
compressed-air dewatering. This has a double effect because, besides affording 
a uniformly distributed supporting pressure on the face, it also stabilizes loose 
and plastic soils by expelling water from their voids so raising their shear strength. 

(d) Similar and still more definite stabilization may be obtained by the arti¬ 
ficial solidification of the face (cf. Section 63.24), which may be accomplished 
directly or indirectly. Direct stabilization as accomplished by injection pipes 
driven ahead in a fan-like arrangement and with an outward inclination around 
the perimeter of the face is a rather cumbersome procedure requiring continuous 
alternation of excavation and solidification cycles, involving the time delay of 
tube driving, during grouting and solidification periods. Preference is given, 
therefore, to indirect stabilization, when artificial solidification is effected from 
the surface or from a special upper drift in order to raise the strength of strata 
lying just above the crown, in this way obtaining a corresponding release of hori¬ 
zontal pressures acting upon the face (cf. Section 63.24). 

(e) An original method of face stabilization is constituted by its perforation 
by holes and anchorage adits driven ahead into the undisturbed ground. This 






Unsupported face-dre^ 
an anchorage drift 



Fig. 6/97. Reduction of earth pressure on shield face (a) with a roof shield; 

0 b ) with an anchorage drift 
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procedure reduces the dimensions of the unsupported face area by affording inter¬ 
mediate supports along the perimeter of these adits. These drifts will be anchored 
by frictional forces into the ground and will be capable of resisting considerable 
tensile reactions in proportion to their length and surface area. 

In addition, they reduce earth pressure by dividing the earth column at the face 
into smaller parts, by taking over and transmitting directly a part of its weight 
to the bottom. By shortening the length of the sliding surface, they also reduce 
the dimensions of the sliding wedge (Fig. 6/97). 

This concept was extended by E. Kintli and J. Fabian during the construction 
of the Budapest Subway to multiple adit anchorages on the temporary front-walls 
of a spacious shield erection chamber. Three anchorage adits were applied here: one 
at the bottom and two somewhat above the spring-line; they all consisted of bolted 


Section B-B 
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drifts 
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Fig. 6/98. Application of anchorage drifts for the reduction of temporary bulkhead wall 
thickness of shield chambers (Budapest Subway) 


liner-plates with a diameter of 2-50-3-0 m (8-10 ft) and were driven according 
to the system described in Section 62.41. Long-term anchorage adits were also 
grouted to prevent excessive loosening and rock pressure in the surroundings. 

In the construction practice at the Moscow Subway such advanced bottom 
drifts are also utilized for material haulage when they are lengthened to the next 
vertical operation (ventilation) shaft. 

A further advantage is afforded by advanced bottom drifts in soft ground, 
where they constitute a firm bottom support and tracking for the advancing 
shield and successfully counteract its wobbling tendency. The concrete invert of 
this bottom drift is shaped in the form of the shield perimeter and the two rails 
embedded reduce friction and fix the required straight direction. (In loose and 
soft ground it is general experience that the front of the shield is impressed more 
deeply into the ground than the tail section, because breakdowns and loosenings 
lead to increased rock pressures at the face, whereas equilibrium conditions and 
arching action have been re-established to a certain extent at the tail.) 
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(f) Finally, in entirely plastic liquid soils none of the above methods could 
provide support for the face. Under such conditions the whole face has to be 
closed by a steel bulkhead through which the liquid soil enters the shield interior 
through slots controlled by sluice gates (see Fig. 6/94). The bulkhead wall is usually 
arranged in the inner plane of the cutting edge and each working chamber is 
provided with a separate slot. Depending on the nature and compressibility of 



Advance drift For Working platform Travelling erector Muck car and track 

haulage and Face arm and grouting 

stabilisation platform 


Fig. 6/99. Drift advanced beyond face in shield tunel (Moscow) 


the ground <he shield may be driven partially or totally blind, i.e. a certain amount 
of material is permitted to flow into the shield through the openings and the rest 
is pushed aside as the shield moves forward, or in perfectly liquid material it may 
happen that no material is allowed to enter the shield which is then pushed 
‘blind’. For example, in driving the south tube of the Lincoln tunnel, New York, 
in Fludson river silt about 20% of the total shield displacement entered the 
inside through two small inlet-slots making up about 0-5% of the total ‘blinded' 
area. In driving large diameter subaqueous tunnels by this method, enough 
material has to be allowed to enter the tunnel to serve as ballast to counteract 
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the rising tendency of the lining owing to the uplift of the liquid. In other cases 
even more material than necessary for ballast may be permitted to enter in order 
to minimize the lateral pressures which might be set up against adjacent structures, 
as was the case when driving the second tube of the Lincoln tunnel while the 
adjacent tube was already in operation. Again, in constructing some parts of the 
Chicago subways by the shield method in highly plastic clay under city streets 
adjacent to heavy important buildings, where the control of heaving, or subsidence 
was of the utmost importance these were kept at a minimum by adjusting the size 
of the bulkhead slots to the varying soil conditions. Almost 100% of the material 
was admitted into the shield through openings 5-20% of the total face area. 



Fig. 6/100. Soil displacement brought about by the propulsion of a bulkheaded shield 
(lateral squeeze and entrance into shield) 


-si/t volume 


m 


Open port 


Trailing dam 


The admission slots are controlled by hydraulically operated sluice-gates 
(Fig. 6/100). It may be mentioned, that the rate of advance of ‘ blind ’ shields in 
such liquid and loose ground is rather favourable. An average daily progress of 
9 m (30 ft) has been obtained, when in excavated ground it did not exceed 2'2 m 
(7 ft 4 in) and in rock was only 1 m (3 ft 4 in). 

(g) The next step in the development of ‘blind push’ was to close the face by 
mechanical excavators, i.e. to do excavation work with some device providing 
support for the face and preventing its breakdown at the same time. 

(i) Price’s rotary excavator may first be mentioned among the early devices. 
This was used for smaller diameter tunnels in ground of medium strength. 6 203 The 
excavator head consisting of three cross members of girder construction is inside the 

6.20a Cf The Engineer Aug 1926 . ns 


45 Szfechy: The Art of Tunnelling 
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buckets 


Rams 


Front view 

Fig. 6/101. Rotating-bucket excavator of Frice 


Rear view 


shield’s skin. Steel cutters are attached to the cross-members in varying positions 
and in the centre there is a larger cutter of special shape. The head is mounted 
on a central shaft which is supported by the girder seen in the centre of the rear 
view (Fig. 6/101.). The internal rack wheel bolted to the excavator head is driven 
through gearing by an electric motor. The buckets which scoop up the material 
excavated by the cutters, which is then dropped into a chute are mounted on the 
revolving cross-members. From the chute the material falls into a container, 
whence it is conveyed by an endless belt and dropped into skips which take it 
away. 

The energy consumption of devices like this is relatively large and, in addition, 
the support alforded to the face is not complete. 

(ii) Another earlier development is represented by the pitching milling-head 
hemisphere of Hallinger. As shown in Figs 6/102a and 6/102b excavation is effected 
here by a hemispherical cutting head built in the front and extending somewhat 
beyond the cutting-edge plane of the shield. This cutting head is a sheet-steel 
hemisphere mounted on a central transverse shaft. The steel skin of the hemisphere 
is provided with cutting slots which peel off the ground as they perform a ‘nodding’ 
movement at a central angle of about 30° — 45°. Peeling is effected in correspon¬ 
dence with the push in 1-2 cm thick slices by the star-shaped cutting inlays and 
the slices drop through the slots into the interior of the shield on a transporter 
band conveying the material into ships. The cutting head is actuated by an eccen¬ 
trically mounted and hydraulically operated piston-rod. The excavation of that 
part of the face lying beyond the surface of the head, i.e. the area corresponding 





Lining segments - 


Stiffening ring. 


Retracting. jack 



.'I -N T 

Operating arm 


Hor/7or4ai j, 


Pressure fluid 


Pressure fluid distribution block - 


Pressure distribu- 


High pressure pump 


Segment placing crane 


Hydraulic ram 


Shield skin 


Fig. 6/102a Spherical shell segment cx.cavator (Hallinger type) 
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Fig. 6/102b Front sight of cutting spherical shell segment 


to the vertical projection of the cutting edge and that of the strip left between the 
two structures has to be sliced off by the cutting edge during the push. In conclu¬ 
sion, this shield operates in an exactly opposite manner to the roof shield when 
stoping the centre of the face involving a potential breakdown of the roof. Thus, 
it may produce unwanted roof collapse owing to excessive overbreak in drier 
granular soils, whereas in plastic cohesionless soil the slots of the cutting opening 
easily become clogged by the squeezed material. This, in turn, may prevent 
excavation and stop the push because of the full-face resistance. This scraping 
head in motion requires considerable energy which increases rapidly with its 
diameter. Therefore, its use will not be advantageous over a diameter of 5-0 m 
(17 ft) even in relatively hard cohesionless or mixed material with little moisture 
content. This shield secures good steerability through the clutching of the cutting 
edges into the virgin soil at the push. 

(iii) Makovskiy attempted to make the operation of bulkheaded shields more 
economical. He employed water jets in the excavation for the liquefaction of loose 
soil in the face and let the slurry flow through bottom slots into an interior sump, 
from where it could be pumped out. Push was effected in the form of a slow 
constant motion under the pressure of the hydraulic rams. This process, however, 
was not accepted in general practice because the extent of blind excavation could 
not be controlled. It often led to unexpected and unwanted roof subsidence and 
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eventually brought about a considerable increase and non-uniform distribution 
of rock pressures and surface subsidence. 

(iv) A decisive step forward was made in mechanized excavation in the Soviet 
Union by the intfoduction of rotating cutting discs. The first of this type was 
used in the construction of the Leningrad Subway in Cambrian clay. As shown 
in Fig. 6/103a a four-arm cutting head is rotated in front with six smaller cutting 
discs mounted upon them and revolving in opposite directions. This planetarian 
movement covers practically the whole area of the face and the cutting ribs scrape 
off the material which is collected into a chute and carried back into the inside 
of the shield whence it is hauled off by an appropriate conveying system. 



Rotation is effected through a central shaft which operates the revolving discs, 
in turn, through a somewhat complicated gearing. A very high rate of construc¬ 
tion progress amounting to 10-15 m (33-50 ft) daily has been obtained for 6 m 
(20 ft) diameter shields with this device. 

Another rotating cutting-disc shield has been used successfully in a limestone 
of medium strength during the construction of the Moscow Subway. In this rock 
the free face and the heading and bench methods were used formerly, the cast-iron 
lining segments being placed by moving erector arms. 

However, blasting involved considerable overbreaks leading to an unwanted 
increase of rock loosening and, correspondingly, of rock pressures and considerably 
increased the amount of material and labour for backfill and grouting. Therefore, 
the application of the rotating cutting-discs shown in Figs 6/103b and 6/103c has 
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proved more economical although the wearing-down of the cutting blades is rather 
considerable (1 to 2 blades for each lineal metre of progress) and the time loss for 
the change is also far from negligible. As is illustrated two diametrically placed 
rotating discs (each nearly equal to half the diameter) are mounted.upon a centrally 
driven annular ring, their shafts being driven separately with suitable gearing. 

The discs rotate together with the annular ring, their individual rotations being 
in opposite directions. Buckets are mounted outside the main ring for the collection 
of falling rock which is again transported through chutes to the rear of the discs 
and hauled off mechanically by transport bands and lorries. Daily progress has 
attained 10 m (33 ft) for a 6 m (20 ft) diameter tunnel. 6 - 20b 

Tunnel construction with one single revolving cutting disc, ‘continuous tunnel 
boring’ dates back otherwise to' the introduction of the so-called ‘moles’ patented 
by Goodman and perfected by Robbins. This was used without shields and is 
mostly applicable in medium hard rocks where the bridge-action period lasts 
until the final lining can be installed and no temporary support is required. Tt is 
used mainly in limestone, sandstone and shale and is unsuitable in plastic clays 
or in cohesionless soils as well as in hard igneous rocks. 

Basically, the ‘mole’ consists of a large rotary cutting face which carries rolling 
discs and, in some types, fixed drag-type cutters, all arranged to cause spalling 
of rock from the working face. G - 20c 

Behind the cutting head are hydraulically activated gripping shoes and propul¬ 
sion jacks, which not only provide torque reaction but maintain the required 
cutting pressure against the rock face. 

Rock, crumbling from the face as a result of pressure and torque applied to the 
cutting head, is scooped up by revolving buckets fixed to the rotating head peri¬ 
meter just behind the cutters. The falling rock is then carried by a conveyor system 
to the rear of the machine (see Fig. 6/104). Some of the more important advan¬ 
tages claimed for the ‘continuous boring’ method are: 

Circular smooth and unshattered holes devoid of blasting tracturation and 
damage are safer than blasted ones and usually require no, or very little, 
temporary support. 

Overbreak is reduced to a minimum and therefore a saving in the amount 
of permanent lining material can be obtained. 

The uniform size of the broken rock renders muck haulage and disposal 
much easier. 

In Fig. 6/104 a complete set of machinery for the continuous boring method 
is shown and it can be seen that mechanical devices can also be attached to provide 
for the erection of ring beams if necessary as a temporary support for the heading. 

In conclusion, it may be stated that revolving cutting discs are suitable in rocks 
of medium strength and in hard clays or shales of moderate water content and 

6 . 20 b Dr. H. Wagner: Vortriebsmaschinen ira Tunnelbau, Die Bautechnik , June 1963 

6,20c Engineering and Mining Journal, March. 1960 
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cannot possibly be used in cohesionless soils or in plastic clays. The costs of maQhin- 
ery and the energy demand increase progressively with the diameter. Available 
‘Soviet data indicate that for the excavation of 1 m 3 (l-4cuyd) ground about 5-8 kWh 
of electric energy consumption must be allowed for. 

(v) The most recent development in mechanized shield construction is the drum 
digger type of shield, which was developed by Kinnear Moodie and Co. and by 
Me Alpine Ltd. and was successfully used in the construction of the new Victoria 
line of the London Underground, and the Toronto Subway. 

The drum digger consists of two drums (Fig. 6/105) of which the shield skin 
proper constitutes the external main drum, its leading edge being bevelled to 
form the cutting edge. Within the main drum is a rotating drum of smaller dia¬ 
meter carried on two roller races and provided with a thrust ring to take the axial 
load from the rotating cutters arranged in its front. The cutting teeth themselves 
are mounted on six arms forming a cutting head at the front of the shield. The 
arms carry eight changeable teeth each, and are mounted at the outer edge of 
the inner rotating drum so that they cut the area between the inner and outer 
drums. The area in front of the inner drum is cut by teeth mounted on a removable 
arm across the diameter of the inner drum. The distribution of the teeth along 
the arms varies from arm to arm and they can be changed. 

The inner drum and the cutting teeth with it can be rotated at speeds up to 
4-6 rpm in both directions with much lower energy consumption than the tull- 
face cutting discs driven by a central shaft. 

A further reduction in energy consumption has been obtained by omitting the 
tail section entirely and reducing the skin length of the outer drum accordingly. 

In solid and uniform clays or marls and shales for'which this shield is princi¬ 
pally suited, cutting can be done with sufficient exactitude to allow the lining seg¬ 
ments to be placed directly upon the excavated earth face and 
propulsion can be effected by rams supported on the segment 
ring which is already outside the shield proper. Naturally, a tail 
section can be added, if required, although the direct placement 



of the segments on the excavated earth face will prevent any 
unwanted difference in level (steps) between the subsequent 
rings as they slide off from the inner surface of the tail (cf. Fig. 
6/82). The speed record in tunnel construction was obtained by the 
Kinnear Moodie and Me Alpine drum-type shields giving a pro¬ 
gress of 1 m (3-3 ft) per working hour for a 4-20 m (14 ft) exter¬ 
nal diameter tunnel. 6 ' 20d 

The main criticism of the value of shields provided with mecha¬ 
nized excavation devices is (besides the danger of mechanical de¬ 
fects) that their smooth and efficient operation is possible only in a 
homogeneous soil. Whenever soil conditions change, e.g. boulders, 
quicksand, lenses, etc. are encountered, they fail to function and 


6 20d Engineering , March 1961, and Bautechnik, June 1963 
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any repeated dismantling or change in the mechanical devices involves consid¬ 
erable loss in time and labour. 

(vi) Based on wide experience, Richardson and Mayo consider the use of the 
following excavation methods as most suitable in particular soils: 

In liquid silt the use of a bulkheaded shield is advised. The bulkheaded front is 
pressed against the soil and an amount of material up to about 20-25 % of the 
cross-sectional area is allowed to enter the’shield - chiefly through the top sluice 
gates. This material is levelled at the bottom and used as overload to counteract 
any uplift tendency due to compressed air. The rest of the material has to be 
squeezed around the circumference when propelling the shield. 

In soft clays the use of bulkheaded shields is also advisable, but all the material 
corresponding to the cross-sectional area has to be allowed to enter the shield. 
It is, however, possible that driving shields in such material under a relatively 
thin surface cover in urban areas will produce a few centimetres of surface heave 
even under such circumstances, but this is still more tolerable than surface sub¬ 
sidence. It may happen that the liquid clay as a result of being pressed and squeezed 
at the front, will pass to the tail section and force an entry into the shield from 
the rear across the gap between the skin and lining segments. 

In dry clay, conglomerated gravel and in all self-supporting ground open-face 
shields, equipped with the previously described mechanical cutting devices can be 

advantageously used. The front face can 
be excavated freely or under the protec¬ 
tion of light strutting nearly in the whole 
cross-sectional area, and only the peri¬ 
meter has to be cut by the cutting edge 
during the push. 

An awkward situation arises when the 
shield has to be driven through a mixed 
stratification. It is somewhat better when 
the top layers are loose or soft, because 
the use of a hood or other face stabiliz¬ 
ing methods may be successful. But if the 
bottom layer is of very hard rock so 
that excavation necessitates blasting, the 
greatest precaution and care have to be 
taken as this operation may be very dan¬ 
gerous. If, on the contrary, the top layer is of solid rock, then this may be used 
as a protective roof for the excavation of the bottom layer and then it can be 
removed carefully with the aid of temporary posts and blasting with small charges. 
The prior installation of the lower half of the permanent lining segments may also 
be helpful. 

In sand and gravel and in all cohesionless soils very appreciable help may be 
afforded to the stabilization of the working face by the hood, face jacks and hori- 



Fig. 6/106. Shield face stabilization 
with horizontal division 
platforms (laminated face) 
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zontal division (working) platforms. These all counteract the inrush of the rolling 
material, the latter restricting it to a distance of m cot (/>, where </> denotes the 
angle of inner friction, and m the height difference between the successive working 
platforms (Fig. 6/106). The strutting effect of these platforms is also maintained 
during the push and, in fact, the sloping material which has entered the shield 
provides an elastic moving support. Practical evidence gained in the Soviet Union 
has revealed that the resistance against propulsion can be well regulated by partial 
blinding of the face and jacking. Forces were generally lower, when the sides 
were bulkheaded by temporary sluice-boards, the quantity of which had to be 
adjusted to the actual nature of the soil. 6 20 * In the same way division platforms 
may be removed entirely when the impiovement of soil conditions admits and, 
therefore, must be structurally shaped to allow for eventual dismantling. To 
counteract an accidental escape of compressed air through the cohesionless slopes 
a clay blanket may reduce losses considerably. The lower third is usually left 
more open so that the soil there can enter the shield. 

63.222. Mucking (haulage). Effective muck haulage is one of the major problems 
of efficient tunnel driving. In the case of shield tunnelling it is performed in two 
steps. The first is the immediate removal of soil from the shield body and the 
second is its conveyance to the ventilation or working shaft. The importance of 
rapid and well-mechanized removal from the shield body cannot be sufficiently 
emphasized and the use of efficient belt conveyors is indispensable. Haulage is 
usually effected towards the rear, but may be effected sometimes in the case 
of special advanced drifts (see Fig. 6/99) towards the front when this involves 
least interference with excavation, lining and grouting operations. Conveyors also 
provide for the loading of muck trucks (cf. Figs 6/102 and 6/83). If track or trailing 
arrangements are inadequate or for long distances special loading machines have 
to be used for this purpose. 

The second step is the conveyance of muck through the completed tunnel 
section to the access shafts or to the tunnel portals. This process is completed in 
the former case by elevating the cars in cages to the surface and emptying them 
into ordinary transport vehicles. 

All loading and haulage equipment (belt conveyor, loader cars, traction engines, 
track, etc.) must make the smallest possible demand on space. Usually special 
cars and locomotives are used with this in view having, in general, a width twice 
that of the track gauge and since it is necessary for two cars to pass in the tunnel, 
the gauge should be about a quarter of the tunnel width, ranging between 60 cm 
and 90 cm (24 in and 36 in). With a single track a quarter of the tunnel width is 
the limiting gauge factor and this is also affected by the curvatures. The sharper 
the curves the smaller the gauge should be. Generally, a single track arrangement 
may be adequate, provided that appropriate passing tracks are arranged at the 
most important spots, i.e. just at the rear of the shield and in front of the lift 

6 - 20e Osnovania i Fundamenti 1964 No. I 
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cages where a reserve set of cars must be always at hand to ensure continuous 
operation. For longer haulage distances intermediate sidings may be indispensable. 

In order to save space the use of portable ‘Californian sidings’ (Fig. 6/107) may 
also be considered. Some practical arrangements as advised by Richardson and 
Mayo are shown in Figs 6/108 and 6/109. 

A very important factor in efficient and economic haulage is the solidity 
and reliability of the permanent way. Poorly laid track will increase haulage 
traction, reduce travelling speed and results eventually in numerous and costly 
derailments. Track defects are due not only to the rails (often taken from scrap) 
and ties, but also to careless maintenance service. This can be prevented by the 
employment of separate track crews independent of the mucking crews who are 
always in a hurry. 



Fig. 6/107. Portable Californian siding 
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Fig. 6/108. (a) Cross-over arrangement with front loading; (b) and (c) storage track arrangement 
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Fig. 6/109. Track arrangements in front of lift shafts 


Mucking cars are either self-emptying or dumping cars, or when fixed they are 
emptied on a special dumping platform adjoining the shaft by a revolving drum 
into the central muck-hopper bunker). 

The utmost possible mechanization in muck haulage is a very essential item in 
tunnelling as the obtainable progress determined by the two main factors, excava¬ 
tion and lining, should not be hindered by haulage and transportation difficulties. 

Electric-battery locomotives or trolley locomotives are best for traction; pref¬ 
erence being given to the former type because of safety requirements. The trolley- 
battery locomotive is a desirable combination of the two. Outside the tunnel or 
in completed sections this locomotive operates off the trolley wire. In the uncom¬ 
pleted sections, past the end of the wire, the trolley pole is lowered and the loco¬ 
motive continues on the battery. These locomotives are self-chargers, part of the 
current when working off the wire being diverted to recharge the batteries, thus 
cutting short the idle time used for recharging and complying with safety require¬ 
ments. 

Internal combustion locomotives cannot be used under poor ventilation con- 
itions. The combustion gases of diesel locomotives are not particularly dangerous 
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to health because of the absence of carbon monoxide but the presence of 
acrolein must be considered (cf. Section 46.531). If gasoline locomotives are used, 
efficient ventilation must be provided and the air frequently tested for the pres¬ 
ence of CO. 

Concrete pressure-pumps are very efficient for the conveyance of concrete for 
the lining. These installations convey the plastic concrete from a central mixing 
plant to the face, to distances of several hundred metres within relatively small 
(200-300 mm) diameter pipe lines. 

63.223. Shield advancement. Accurate propulsion and direction of the shield is 
a very delicate part of shield tunnelling, because it determines not only how far 
the designed alignment and gradients will be conformed to, but it also seriously 
effects the construction. Should the deviations exceed the prescribed tolerances 
the whole operation will fail, because the joints and connections of the cast-iron 
or reinforced-concrete lining segments cannot be attached to each other without 
forcing and overstresses, or with the required watertightness. Even the addition 
of subsequent lining rings will be rendered impossible beyond a certain degree of 
horizontal and vertical distortion. 

As propulsion is done by the propelling rams (hydraulic jacks) the first task is 
to ensure both their uniform spacing along the shield perimeter and also their 
perfect co-operation. But at the same time their independent action must also be 
secured as steering can be effected only by exerting unequal jack pressures on the 
various parts of the shield periphery. 

Occasionally an extra jack may be placed at the bottom to prevent the shield 
from ‘nosing down’ (wobbling). 

The relatively small interstice between the extrados of the segment lining and 
the intrados of the shield skin limits the measure of corrections, however, and 
a superposition of deviations rapidly attains a measure which cannot be corrected 
without the regressive dismantling of a couple of erected rings. Sometimes the 
insertion of unwanted counter curves (bottle necks) in the alignment becomes 
indispensable. 

The required clearance dimensions may also be impaired. 

The efficiency of unequal jack action can be improved by some other mechanical 
means, too, as, e.g. the advance of the face excavation-on one side and its retention 
on the opposite one. Forced excavation always has to be applied on the side 
towards which we intend to direct the shield. A more forceful method is to instal 
props or rakers in front of the cutting edge on one side to divert the shield towards 
the opposite side. Such rigid and resistant strutting may produce considerable 
torsional stresses in the shield body which may easily involve its permanent defor¬ 
mation, too. The installation of‘lead-boards’ on one side of the shield at the begin¬ 
ning of the push is also a help in correcting its alignment. An effective means of 
keeping the shield in the correct vertical position is to drive an advanced bottom 
drift beyond the face. The invert of this drift is often provided with a concrete 
bottom which effectively prevents ‘nosing down’ in weak soils, and, simultaneously 
assists in stabilizing the face (cf. Section 63.211). 
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The correct direction of the shield must be checked by geodetic instruments, 
of course. For this purpose a diopter is hung from the top of the tail section with 
adjustable spider lines. During each push the shield operator must check that the 
spider lines coincide strictly with those of the diopters hanging from the completed 
sections of the tunnel. When driving in curves the exact direction can be given 
for each push by the corresponding horizontal or vertical correction of the spider 
lines (see Section 5.33). 

63.224. Erection of tunnel-lining. Lining segments will be placed by hand in 
small diameter shields and usually with light pressed structural-steel or thin 
reinforced-concrete elements only. The most simple mechanical device is a simple 
hoisting winch the rope of which is led on a moving boom, both being mounted 
on a travelling platform. This is also used in the erection of the concrete block 
or reinforced-concrete segment lining of relatively small diameter public utility 
tunnels and the placing into the exact position required is aided and directed by 
hand. 

In tunnels of larger diameter segmental lining elements a^e erected with a 
hydraulically-operated erector arm which can be mounted either directly on the 
axis of the shield tail or on a travelling working platform following closely behind 
the shield (Fig. 6/110). Although the previous arrangement is mechanically simple, 
it is much less adjustable to the given circumstances, owing to its being in a fixed 
position. 

The erector arm can be rotated around the horizontal axis to any required 
position and extended or retracted as required. The end of the erector arm must 
be provided with a suitable grip also operated hydraulically (Fig. 6/111). This 
grip must be accommodated to the structures and rib spacing of the segment. 

63.225. Grouting, caulking and drainage. Lining segments must be followed as 
soon as possible after placing, in almost all kinds of ground, by the grouting of 
the back space left behind the shield tail after the push (cf. Fig. 6/82), in order 
to prevent considerable surface subsidences and increases in rock pressure. The 
formation and extent of the back space depend on both the nature of the- ground 
and the type of shield. The annular void left between the respective surfaces of 
the circular shield-skin and the smaller dia. lining ring is sickle-shaped, its maximum 
height at the crown being equal to the sum of the thickness of the tail skin 
(3-6 cm, 1-2 in), and the width of the safety gap (3-5 cm, 1-2 in) left between the 
extrados of the lining and the intrados of the tail. 

In temporarily self-supporting ground even the tunnel arch can sag during the 
bridge-action period under vertical loads for lack of a lateral support should the 
void left in the spring line by the advancing tail not be filled in quickly enough. 
Filling of voids at the crown can be carried out later, but this must also be done 
before the ground caves in. The sag of tunnel lining under such conditions can 
also be prevented by employing horizontal bow-string bars (turnbuckle rods) at 
the spring line (cf. Fig. 6/167). Their application, however, is rather cumbersome 
and connections to concrete blocks are very difficult to make. 
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Fig. 6/110. General arrangement of travelling platform with erector arm and grouting equipment 




























SHIELD TUNNELLING 


721 


Fig. 6/111. Hydraulically 

operated erector 
arm when 
placing e lining 
segment 



In plastic, clayey soils voids left behind the shield-tail can be filled by the proper 
nanipulation of the shield. If, e.g., a bulkhead shield is driven, it can be arranged 
by a corresponding control of the sluice gates that the clay pressed aside will 
lightly encircle the shield and fill out all the voids left behind, with the exception, 
perhaps, of that at the crown. 

The case is similar in liquid silts, but the possibility that horizontal pressures 
may temporarily exceed vertical ones must be taken into account. 

The most difficult soils through which to drive a shield are running sands and 
gravels, where surface subsidences can hardly be prevented. Here, the possibility 
of pressing the ground aside for filling the voids is completely out of the question; 
the only remedy is to push the shield very slowly so that grouting can keep pace 
with the sufficiently retarded advance of the shield. 


46 Sz6chy: The Art* of Tunnelling 
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Grouting has several functions including: 

the establishment of a tight backfill; 
water sealing; 

stabilization of the surrounding ground, so contributing to a reduction 
of the ground pressure acting on the tunnel lining. 

These aims, however, cannot be simultaneously attained with every type of 
grouting, nor to the same efficiency, being always dependent upon the nature 
of the ground and the type of grouting material. 

A general distinction is made between (a) the primary grouting intended to 
fill the back space, and (b) the secondary grouting for sealing and stabilizing. 

Primary grouting is carried out under low pressure (5 atm-6 atm = 70-85 

lb/in 2 ), the injected material being ce¬ 
ment grout, mortar of gravel or coarse 
sand. Secondary grouting takes place 
under high pressure (10 atm - 25 
atm = 160-400 lb/in 2 ) using more ce¬ 
ment fluid suspension, bentonite, hot bi¬ 
tumen or bituminous emulsion. The 
grout is forced in through grout plugs 
(4cm-5cm; 1 1/2in-2india) provided 
in the lining segments and closed for the 
time of erection (Fig. 6/112). In each 
lining ring at least four grouting holes 
are provided with a staggered distribu¬ 
tion. In less permeable grounds closer 
spacing will be required. 

(a) For primary (back-filling) grouting, 
fairly wet cement mortar with a cement/ 
sand ratio from 1 : 1 to 1 : 3 was exclusively used at first; this was forced in at 
the bottom grout plugs as the shield tail cleared them, while the plug next was 
removed to serve as an air vent. When mortar appeared at the upper hole the 
grout hose was then transferred to that plug, where the injection of grout continued 
till that sector was filled. As shown in Fig. 6/112 grouting is effected by screwing 
a stopcock directly into the grout plug. The grout hose with an air vent is connect¬ 
ed to the stopcock. When grouting is completed, the inner stopcock is turned to 
retain the pressure in that hole until the grout sets. Meanwhile, the grout hose 
is transferred to the next plug. 

Besides the large quantity of grout and consumption of cement required in loose 
granular soils and with large annular spaces left behind, the great objection is that 
owing to its liquidity it is difficult to prevent it from flowing around the segments 
and entering the shield. This may be prevented by using ‘circle boards’, segments 
of wood cut to a radius equal to the inside of the tail. These are inserted into the 



Fig. 6/112. Grout plug and connections 
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gap between shield skin and extrados of the segment ring and by fitting tightly 
against the tail may prevent leakage with very little caulking. Owing to its liquidity, 
much of the grout will be wasted when entering the voids of looser soils and 
p*assing, e.g. through fissures, to adjacent sewers. All losses are disadvantageous 
because of the high cost of cement. Moreover, it might also occur that air bubbles 
will remain in the injected mortar leading to subsequent settlements. 

Considerable savings in cement can be obtained if the voids are promptly filled 
with bird’s eye gravel or with granulated slag, screenings, etc. of uniform size 
(D = 4-6 mm; 1/6—1/4 in) at first. Grouting itself is done in the same way as 
above, using a grout hose of similar diameter, in the same order of sequence and 
according to the same principles. As the shot has a pore volume of about 33 %, 
and with regard to the fact that the gravel will not flow like a grout and will not 
pack so tightly, occasional spots may be produced into which gravel fails to flow. 
Therefore, gravel ‘shooting’ is usually followed by a cement grout of 1 :1 mix 
and quite wet. This consolidates the gravel backpacking by filling the voids. 
A secondary benefit of this cement grouting is that it stops most of the leaks 
into the tunnel. (This effect may be increased by the addition of 5-8 % bentonite.) 
Grouting is a highly skilled operation requiring experience and judgement to 
choose both the proper consistency and grain size of the grout and the highest 
permissible but harmless grouting pressure. 

It must be noted that if the 
injection pressure is raised without 
forcing in additional quantities of 
grouting material the increased 
pressure will act merely as external 
loading upon the erected rings pos¬ 
sibly producing an excessive local 
overload sufficient to bring about 
the failure of connections or even 
of the respective lining segments. 

Two types of grout machines (pneu¬ 
matic or mechanical) are distin¬ 
guished as they are used for prim¬ 
ary or for secondary grouting. 

For primary or low-pressure grout¬ 
ing, pneumatic grout placers are 
generally used operating at an air 
pressure of 5-7 atm (80 lb/in 2 ) sup¬ 
plied by travelling compressors. Some of these appliances are of quite simple 
design which can be produced in a local workshop. Their operating air pressure 
is, however, limited and not adjustable to the actual resistance encountered in 
the ground. Popular machines both mix and place the grout. Some types mix by 
agitating the water with compressed air, and some by the action of paddles rotated 
around horizontal or inclined axes. 


Feeding batcher 



Fig. 6/113. Single chamber grout machine 
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The main types are as follows: 

The single-pan placer with a capacity of 150-200 1/h (Fig. 6/113). The batch 
of cement and sand fed into the feeding cone is dropped into the mixer through 
a cup valve there to be mixed and agitated with water entrained by compressed 
air, the quantity of which can be controlled by a mixing valve. When a homogene¬ 
ous grout has been produced in the mixing chamber, the batch can be forced out 
by compressed air into the grout pipe by opening a stopcock. After discharging 
the batch, the feeding and mixing cycle can be repeated. 

The double-pan placer with a capacity of 200-3001/h can replace two single-pan 
placers and affords a possibility for continuous grouting, because while the mixed 
batch is sluiced from the upper pan into the lower one and forced into the grout 
pipe, the next batch is being mixed in the upper pan (Fig. 6/114). 

The inclined drum placer (Fig. 6/115) with a capacity of 180-200 1/h is suitable 
for placing grouts of lower cement and water content. With this equipment the 
mixing and forcing out of the grout are done separately. Its main advantage is 
that instead of using compressed air revolving paddles or a spiral agitator fitted 
on the inclined axis within an inclined drum provide continuous mixing. The 
batch is forced out by compressed air introduced into the drum. The compressed 
air was first supplied by an air pump operated by hand (Wolfsholz design). 
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Fig. 6/116. Grout machine of the horizontal drum type 



Modern devices have their drum connected to a separate air compressor. This 
step has eliminated the previous objection that the air pressure in the drum 
gradually decreases with the progress of grouting. 

The mechanical grout machine with mixing paddles fitted with wire brushes 
is suitable for the injection of the most dense and dry mixtures (Fig. 6/116). 




726 


CONSTRUCTION AND DESIGN OF TUNNELS 


Special equipment has been developed (pea shooter) for the injection of granular 
dry material (sand or bird’s eye gravel). This operates under an air pressure of 
5-7 atm = 80 lb/in 2 (Fig. 6/117). The material fed by air pressure from a container 
into the grouting hose is directly entrained by a separate flow of compressed air. 
As this material will not flow like a cement grout it is generally unnecessary to 
use circle boards to prevent the gravel from running into the tail of the shield. 

Should the grout be required - besides filling the back-space - to penetrate 
the voids of the surrounding soil with a view to compacting and artificially bind¬ 
ing its grains, then the composition of the grout has to be designed to make this 
penetration possible within the permissible and available pressure values. 

According to recent American investigations 6 21 , the grain diameter pertaining 
to the 85% ordinate of the grading curve of the grout (0 8 -) must not exceed a 
value equal to the one twenty-fifth of the grain diameter pertaining to the 15 % 
ordinate of the grading curve of the ground to be penetrated (D n ). According 
to Maag the extension radius of grouting in homogeneous ground can be computed 
from the formula 


r 




3 

i 


Vi 


( 6 . 12 ) 


where h = the pressure head 

t = the duration of grouting 
r x = the radius of the grout pipe 
n = the void content 

k = the coefficient of permeability of soil. 

Experience indicates that cement injection is not effective in a ground with 
an effective grain-size smaller than 0-8 mm. 

(b) The secondary of sealing grouting can be carried out with one of the follow¬ 
ing grout materials: 

1. cement grout, cement suspension 

2. lean mixture of various types of cement and plasticizing agents 

3. bitumen emulsion 

4. hot bitumen 

5. various chemical agents (particularly a suspension of bentonite or cement 
bentonite). 

The type of grout must be selected according to the nature of both ground and 
groundwater as well as to the type of the respective underground structure. 

Secondary grouting is carried out several months after primary grouting, usually 
with the sole purpose of sealing. 


21 Pressure Grouting. Pro c. AMSCE 1958 August. 
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While the immediate object of primary grouting is to fill up voids and the back¬ 
space, with secondary grouting it is essential to wait until ground movements 
set up by the construction of the tunnel have come to an end, and the ground 
settles into a condition of equilibrium. As long as ground movements occur, 
fissures may also arise in the grouted zone causing the seal to fail. Accordingly, 
in cases where long-term ground movements are to be expected, the secondary 
grouting will possibly have to be repeated several times. 

Three types of grout material are used in Hungarian underground-railway 
construction practice: pure Portland cement, a mixture of Portland and bauxite 
ecments (a fast-setting mixture), and pure bentonite or a mixture of bentonite 
and cement (cf. Table 6/JX). 

In general, bentonite grouting is used in fine-grained soils while cement suspen¬ 
sion grouting is employed in coarse-grained soils. Where flowing groundwater 
is encountered a fast-setting cement grouting must be used. 

The general rules for secondary grouting are as follows: 

Grout machines with automatic air-pressure control are to be used only. 

The specific water-absorbing capacity of the ground must, in each case, be 
determined before grouting to select the suitable grout material accordingly. 
For this purpose a mixed sample has to be taken from the ground through the 
grout from the back-space holes beyond the lining. 

During the grouting process continuous attention must be given to grouting 
pressure and grout consumption. It is a basic rule that grouting must be done 
under increasing pressure and with a decreasing grout consumption. A decrease 
in pressure is an indication of an escape of the grout either into horizontal fissures 
or joints or its accumulation under an impermeable dome leading to surface 
upheaval (Fig. 6/118). 

When high grouting pressures are applied the tunnel lining must also be 
checked for deformations and stresses in the .vicinity of the grouted section. 


Ground surface 


Heave 


\ 


I 
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Pressure Groutings Used in the Construction of the Underground Railway in Budapest 


Type of ground 

Gravel 

D = 200 — 5 mm 

Sandy gravel 

D = 200-0-2 mm 

Sand and Mo 

D = 2-002 

Engineering structure 

1 1 11 

1 1 11 

i 1 ii 

Type of grout 

Shaft 

cement 

mortar 

cement 

grout 

cement 

mortar 

cement 

grout, 

bentonit¬ 

ic 

cement 

grout 

cement 

grout 

bento¬ 

nite 

Concrete tunnel and 
large underground hall 
construction 

cement 

mortar 

cement 

grout 

cement 

grout 

cement 
grout 
or ben¬ 
tonite 

cement 

grout, 

bento¬ 

nitic 

cement 

grout 

bento¬ 

nite 

Cast-iron lined tunnel 

cement 

mortar 

cement 

grout 

cement 

mortar 

cement 

grout 

cement 

grout 

bentonite 
or fast¬ 
setting 
mixture 


Note: In cases where two types of grout material have been suggested, the proper type to be chosen must be decided 
practically used. 


As is known, great importance is to be attributed to the value of the permissible 
grouting pressure. The greater the pressure applied the more perfect the seal 
between lining and ground, and the more thorough the compaction and stabiliza¬ 
tion of the surrounding ground, while on the other hand, an unduly high grouting 
pressure may cause the upheaval, even the up-break of ground surface, should 
the grout be forced between two impermeable layers or into fissures or bedding 
planes of such a layer. An excessive grout pressure may be still more harmful 
if the tunnel lining suffers non-uniform and excessive local loading conditions 
because of non-uniform loosening of surrounding layers and distribution of 
back-spaces. The increase of the grout pressure beyond a certain limit can even 
lead to a complete failure of the lining. With a view to this eventuality, it is of 
great importance to take deformation and stress measurements in the tunnel 
lining in the vicinity of the grouting site. 

The highest permissible grouting pressure which remains within the safety margin to avoid 
failure or upheaval of the layers can be calculated from Terzaghi’s rock pressure theory 
(cf. Section 32.314, Fig. 6/119a) with the following formulae: 
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Table 6/IX 


Type of ground 

Silt 

I P < 15% 

Clay 

I p < 15% 

Rock 

(Marl) 


i 1 

II 

i 1 

II 

i | ii 

Type of engineering structure 



Type of grout 


Shaft 

cement 

mortar 

cement 

grout 

cement 

mortar 

cement 

grout 

cement cement 
mortar grout 

Concrete tunnel and 

cement i 

cement 

cement 

cement 

cement cement 

large underground hall 
construction 

mortar 

grout 

grout or 
fast¬ 
setting 
mixture 

grout or 

pea 

gravel 

mortar grout or 
or pea fast- 

gravel setting 

mixture 

Cast iron lined tunnel 

cement 

mortar 

cement 
grout 
or fast¬ 
setting 
mixture 

cement 

mortar 
or pea 
gravel 

cement 
grout 
or fast¬ 
setting 
mixture 

cement cement 
mortar grout 
or pea or fast- 

gravel setting 

mixture 

1 I 


ion the rate of water flow. In places with high rates of flow a fast-setting grout (e. g. PC + bauxite or Tricosal) is 



where 


A, = tan 2 (45° + <t>/ 2). 
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(b) In a multilayer system the calculation must be carried out separately for each layer 
in a descending order of sequence. First the maximum permissible pressure for the uppermost 
ayer is calculated in its bottom plane (p kl ); then the permissible pressure for the next layer 
is computed (p*,), taking into consideration that in its top plane the already known pi, pressure 
will offer a certain resistance against upheaval. Accordingly, the maximum pressure permissible 
for the nth layer can be calculated supposing that the permissible pressure for the (n - 11th 
next overlying layer is already known (Fig. 6/119b): 

AX tan 44 tan + 

d ~ 1 + * (6.14) 


_ 4c + yd 
*" 4A • tg 4, 


In calculating the maximum grouting pressure, the cohesion of the layers immediately 
overlying the respective underground structure up to a height of 10 m above the crown of 
the tunnel must not be taken into account with a higher value than c„ = 10 ton/m 2 with 

regard to the possible occurrence of cavings 
in settlements and fissures in the course of 
the tunnel construction. 




Fig. 6/119. Forces 

acting against grout pressure 

(а) in a homogeneous layer; 

(б) in a multi-layer system 


Tt is a limit in practice that the' maximum 
pressure should not exceed 2'5 times the 
relevant geostatic pressure at any point. 

The injection pressure must be controlled 
with the utmost care, as e.g. during the con¬ 
struction of the underground railways in 
Budapest, surface upheavals of several milli¬ 
metres occurred at some points as a result 
of excessive grouting pressures. 

ad 1. Injections of cement suspen¬ 
sions are unsuitable for filling larger 
voids and back-spaces as they can only 
be effective if the dispersed cement 
grains are practically sieved out of the 
fluid and retained by the grain skeleton 
of the ground, where they form a gel 
on its surface. Cement particles will 
settle out from the dispersing water at 
a distance where the velocity of flow 
falls below a certain limit value. The 
leaner the suspension the greater this 
distance. Moreover, a high water- 
content is by no means disadvanta¬ 
geous for the stabilization of the ground, 
as water will flow ahead from the 


retained cement particles, the fraction 
left behind becoming denser and den- 
ser, the pores and voids being gradually 
h led regressively from the settlement boundary towards the grouting pipe. Thus, 
the use of a leaner suspension is definitely advantageous considering both the radius 
of action and the use of lower grouting pressure which also reduces the inherent 
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hazard of ground failure. On the other hand, the strength of the gel formed on 
the surface of retained particles will be the higher the thinner the water film 
surrounding them. A high water content will, additionally, result in a more porous 
cement stone. 

ad 2. Both kinematic viscosity and action radius of grouting can be increased 
considerably also by the addition of various plasticizing agents (such as plastiment, 
intrusion-aid, bentonite, etc.). 

ad 3. One of the bitumen-injection methods used is the cold method (the Shell- 
perm method), with which a perfectly fluid, water-like bitumen emulsion is injected 
into the ground. This emulsion readily penetrates into the pores of even the most 
fine-grained sand soils as the size of the emulsified bitumen particles is only about 
1 or 2 microns and the viscosity •of the injected fluid with a bitumen content of 
50% is only 1-5-2 times as high as that of water. The injection pressure required 
for °such an emulsion is, consequently, relatively low. Moreover, the bitumen 
particles will settle out only if catalyzed by a subsequently injected coagulating 
agent. 

ad 4. In the U.S.S.R. hot bitumen injections are used mainly in cases where 
cement or cement-clay grouting cannot be successfully employed because of 
the aggressive properties or of the high seepage velocity of the ground water en¬ 
countered, i.e. in cases where there is a risk of the cement grains being washed 
away or dissolved. A further advantage of the hot bitumen injection is that the 
risk of an escape of the injected material into fissures is greatly reduced owing 
to the physical properties of the bitumen. Thus, not only can economy be obtained 
in the grout material but, in addition, the hazard of fissuration of the surrounding 
ground is greatly reduced. On the other hand, a disadvantage of the method is 
that the bitumen becomes plastic under pressure, that its radius of action by 
injection is rather small and that it cannot be applied in soils such as liquid clayey 
silts. 

For the sake of comparison it can be mentioned that the kinematic viscosity 
of the bitumen when heated to a temperature of 140-160 °C, is about 8 cm 2 /s 
as against 0-01 cm 2 /s for water which means that the critical velocity in a 10 cm 
dia fissure or void is 0-023 m/s for water, while for hot bitumen it is as much as 
18-4 m/s. 

Owing to its gradual cooling the injected hot bitumen will deposit on the sides 
of the voids forming a layer of increasing thickness soon leading to their being 
filled. As the loss of temperature of the injected bitumen amounts roughly to 
60 °C per lineal metre, the action radius practically never exceeds 1-5-2 m for 
bitumen injected at a temperature of 180 °C. 

Any further increase of injection pressure will produce the gradual deformation 
of plastic bitumen, pressing it more into the surrounding fissures and voids. 
In flowing ground water, when hot bitumen is injected, bitumen strips or strings 
are immediately formed and entrained. These strings when brought into collision 
with obstacles, will be deposited and - wound up into small balls - reduce the 
cross-sectional area of voids. During the back-space grouting of the underground 
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railway tunnels in Moscow, the voids were first flushed out with water, then 
filled under pressure with coarse grained aggregates and finally grouted with 
hot bitumen. This method proved to be very successful and applicable also in 
fast-flowing groundwater, e.g. in maintenance work, as it offered both a good 
water seal and anti-corrosive protection. 

ad 5. The use of cement-clay grouting is rapidly becoming more widespread 
owing to its following advantages: 

(a) It is economical in cement consumption and gives at the same time fairly 
good water seal. 

(b) The repeated removal of clogging material and the cleaning of injection 
pipes are easier than with cement grouting. 

(c) Injections with grouts of high day content can be carried out in stages 
(staggered in time) and with a predetermined and controllable setting time render¬ 
ing the advance of the shaft sinking or tunnel driving easier in the less stabilized 
ground. 

(d) It can be employed in aggressive and waterlogged soils. 

(e) The grout can be more readily pumped, causes far less corrosion to the 
pump and owing to its plasticizing properties, readily penetrates into the voids 
and fissures filling them uniformly. 

During the construction of the underground railway tunnels in Budapest partic¬ 
ularly the application of bentonite-cement grouts proved very successful compared 
with the use of pure cement grouts, which when penetrating into finer voids or 
fissures form a rather porous cement stone after setting, with poor water sealing 
capacity, owing to the large amount of dissipated water. Concrete corrosion 
is also promoted in cement grouts owing to this porosity which allow greater 
percolation and as soft waters leak out, lime from the concrete percolation may 
result in considerable damage (lime sinter). 

If the water-cement ratio of the cement suspension exceeds 0-5-0-6, sedimenta¬ 
tion of cement particles will take place and the resulting cement stone will be 
porous. This phenomenon is still more marked because a cement grout cannot 
penetrate into voids with diameters less than 0-1 mm, as a result of which they 
will be sieved out, so considerably decreasing the radius of action of cement 
grouting. In order to reduce the water emitting capacity of cement grouts, suitable 
chemical agents will have to be added to it, or finer grained cement must be used, 
i.e. the suspension must be stabilized to prevent the early sedimentation of cement 
particles. The more fine-grained the solids of a suspension the smaller the risk 
of their sedimentation, which is also hindered by the surface activity, 6 ' 22 i.e. by 

622 Note. Skempton expresses the colloid activity by the following ratio: a, = PJA, 
where P t denotes the plasticity index and A the clay content. According to this classification 
the value of a,is in inactive clays less than 0*75, in normal clays 0‘75 and in active clays 
more than 0'75. 
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the electric charge and by the adsorption film on the particles. It is a prerequisite 
for the stability of a suspension that it should have a continuous grain-size distri¬ 
bution curve, i.e. that no fractions should be missing and no jumps should be 
revealed, because otherwise sedimentation will take place at each size limit. 
Accordingly, the grade of stability of a suspension can be raised by the admixture 
of additives (electrolytes, col¬ 
loids, bentonites, clays) the 
particle sizes of which will 
secure the transition from the 
cement particle size to those 
of the dispersing medium. 

Of the most important clay 
minerals the particle size of 
kaolinite grains are nearly 
100% above 0-2 micron, while 
in montmorillonite the per¬ 
centage of this same grain-size 
fraction amounts only to 20 %. 

The bigger the specific surface 
area and the water adsorption 
capacity of the mineral parti¬ 
cles the greater is the stability 
of its suspension. The most 
stabe suspensions can, thus, 
be produced by the addition 
of Na-bentonites with a mont¬ 
morillonite content. The ad¬ 
dition of bentonite provides 
both a plasticizing effect and 
better water sealing and in¬ 
creases the setting time of the 
grout but, at the same time, 
it lowers its final crushing 

strength (Fig. 6/120). Tests carried out in connection with the construction of 
the underground railway of Budapest 623 clearly showed that the. addition of 
bentonite resulted in the following effects : 

sedimentation of the cement particles decreased; 

the crushing strength of the set grout was reduced; 

the grouts became more readily injectible and, when set, more impervious; 
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Fig. 6/120. Effect of bentonite or clay additives upon 
crushing strength 


6 - 3 Balazs, Kilian, Kelemen and Sarosi: Betonok vizzarosaganak novelese a kotoanyag 
javitasa utjan (The increase of the water sealing capacity of concretes by the improvement of 
binding additives), Epites- es Kozl. Tud. Kozlemenyek 1957 3-4. 
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setting time was increased; 

an economy in cement consumption was obtained. 

All these effects are of considerable practical importance. Great importance 
is to be attributed to the fact that cement-bentonite grouts can be more easily 
injected, thus requiring lower injection pressures and so affording higher safety 
against surface upheavals. According to test results (Fig. 6/121), the addition 

of Ca-bentonites will result in 

1. ' Ca bentonite ) higher crushing strength val- 

2. Activated bentonite ofMad ) + P.C. , . .. ,. e 

3 ActivatedIslenmezeje bentonite') ues ^ ut t ^ ie act,on radius of 

Duration ofpreswetting 30min. grouting is much larger when 

Na-bentonites are added. Fig. 
6/122 shows clearly that the 
volume of the grout injected 
under the same pressure is 
much greater with cement- 
bentonite grouts than with a 
pure cement suspension. 

The advantages of bento¬ 
nite-cement grouting over pure 
cement may be summarized 
as follows: 

(i) better water sealing; 

(ii) easier injectibility with a 
consequent increase of 
injected grout volume; 

(iii) a more complete filling 
up of the voids due to 
the decreased possibility 
of early water escape 
from the grout (increased 
resistance against corro¬ 
sion); 

(iv) economy in cement con¬ 
sumption and grouting 
costs, greater safety a- 
gainst surface upheaval 

Fig. 6/121. Effect of the quality of bentonite upon hazards, 

crushing strength 

Grout machines employed 
for secondary grouting are, in 
general, reciprocating pumps suitable for supplying rather high injection pressures. 

The grout machine which has proved most suitable in practice is the single¬ 
piston-type reciprocating pump of Hany (Fig. 6/123). With this equipment the 
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mixing and injection of the grout are carried out separately. The equipment consists 
fundamentally of a reciprocating pump combined with a membrane, with the 
following operating principle. Compressed air enters cylinder (a) and by displacing 
the fluid (oil) acts on a membrane (M). During its return stroke the piston sucks 
back the fluid allowing the membrane to retreat, so creating a pressure reduction 
in the pump box ( b ), as a result of which the cement grout will be sucked up 
into this box out of the container (t). This volume of grout is then forced by the 
next stroke of the pump into the delivery pipe ( d ). This process is repeated until 
the predetermined maximum pressure is reached when the pump will stop automat- 


Fig. 6/122. Comparison 
of injectible 
grout volumes 



Pressure 
equatner 



To grout- hose 


Mixing ' \ 
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6 Storing ^ 
r.ontainer 

Perforated grid and 
rompressed air inlet 


Grout 

materia 
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Fig. 6/123. Hany’s reciprocating grout machine 





736 


CONSTRUCTION AND DESIGN OF TUNNELS 


ically. In case of a fall in pressure, due to the discharge of the grout from the 
delivery pipe, the pump is automatically restarted. The. fixed injection pressure 
is, thus, automatically maintained. (The equipment has a capacity of 25-8 1/min, 
i.e. 1-5 m 3 /h at an injection pressure of 18 atm. Its main advantage compared 
with earlier reciprocating pumps is that cement grout does not come into contact 
with the oil-lubricated and carefully machined surfaces of the pump which are, 
therefore, not exposed to the abrasive action of the grout. 

The ‘MAVAG’ type grout machine, manufactured in Hungary (Fig. 6/124) is 
designed on similar principles to Hany’s machine, as shown in Fig. 6/124a. As 
the piston moves ahead in the fluid chamber, a membrane is pressed into the suction 
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Fig. 6/124. ‘MAVAG’ grout pump 
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chamber where, on its return stroke, it creates a reduction in pressure by which 
the grout is sucked through the ball check-valve into the same chamber. 
During the next stroke this volume of grout is forced through a second ball check- 
valve (2) into a pressure tank to be discharged from there into a delivery (injection) 
pipe. This process is repeated and maintains the pressure tank (air chamber) 
which acts as a pressure equalizer to maintain the injection pressure at an approxi¬ 
mately constant value when the injection valve is opened. This single-piston grout 
machine has a capacity of 6 m 3 /h at a maximum working pressure of p max = 15 
atm. In this machine the grout does not come into contact with the piston and 
the cylinder of the pump. 

The double-piston type grout machine, developed in conjunction with the con¬ 
struction of the underground railways in Leningrad, is also used in Hungary. 
Here the grout enters the pump-cylinders and thus comes into direct contact 
with the pistons. A schematic plan of the machine is shown in Fig. 6/125. 
The pistons operate alternately in opposite phases. In the figure, piston I is in 
the suction position (inner extreme) at which the grout is sucked through the 
open inlet-valve into the pump cylinder. At the same time, piston II (shown 
in the figure in its outer extreme position) forces the grout through the open 
outlet-valve and discharge pipe into a central pressure chamber and from there 
through the pressure pipes into the injection tubes. In this way continuous grout¬ 
ing is possible. 


47 Sz6chy: The Art of Tunnelling 
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Cleaning, rinsing and checking of the machine, its hoses and valves, especially 
after use, as well as frequent greasing of the respective parts is of the greatest 
importance. Grain sizes of above 3 mm must be screened out. Operation without 
a suitable manometer is forbidden. With pneumatic grout machines no safety 
valves are required, while with reciprocating grout pumps they are indispensable. 

In major injection work the use of 


Grout tube 40m 



registering manometers is advisable. 
As grouting is a work not without 
certain dangers, owing to the high 
pressures applied, great care must 
be taken in the use of safety equip¬ 
ment and clothing (protective cloth¬ 
ing, goggles, cap and gloves, stable 
scaffolds, etc.). The eyes and bodies 
of employed personnel in particular 
must be protected against recoiling 
grain particles. 

Grouting, as can be seen, is an 
important supplementary to shield 
tunnelling, where the erector or 
crane used for the placing of the 
lining elements is directly followed 
by the grouting equipment, which 
is best mounted on a travelling 
scaffold (cf. Figs 6/83 and 6/110). 
(In case of concrete lined tunnels 
the injection pipes are previously 
placed in the concrete and plugged. Details of the coupling of the injection hose 
are shown in Fig. 6/126.) 



Fig. 6/126. Details of grouting tubes 


Grouting is important, not only in the waterproofing of underground tunnels, but also in 
the subsequent water sealing of tunnels and other underground structures (cf. Section 72.211). 
Grouting procedures and materials used in the construction of the underground railway in 
Budapest are tabulated in Table 6/IX. The principle followed here was to undertake grouting 
in a sequence from the bottom upwards and from the rear towards the front. The operation 
was always continued until the grout flowed out from the next adjacent grout hole. 


63.23. Lining Segments for Shield Driven Tunnels 

In the construction of tunnels by the shield method, it is essential for lining 
elements to have instantaneous bearing capacity, to be watertight and to allow 
for rapid and simple positioning. The main requirements for such lining segments 
are: 
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1. Immediate bearing capacity against external earth and water pressure without 
detrimental deformation or leakage. 

2. Resistance to impact stresses due to rough handling, transport or erection 
operations. 

3. Resistance to high axial stresses produced during the advancement (push) 
of the shield by propulsion jacks. 

4. Resistance to moisture and ground water effects of the segment itself and 
of its joints and watertightness as well as resistance to corrosive action. 

5. Economy in construction and maintenance. (It is to be borne in mind that more 
expensive stronger materials may compete successfully with cheaper materials 
of less strength when the difference in dimensions, erection and durability 
is also considered.) 

Linings may be single or double. Double layers are employed when the double 
tasks of resistance to external pressures, and watertightness or aesthetic appear¬ 
ance cannot be obtained with a single layer. 

In the earliest periods of shield tunnelling brick was used for lining, but soon 
cast-iron segments had to be introduced in order to resist the large horizontal 
pressures during pushing and, at the same time, to provide sufficient watertightness. 
More than half a century has passed since concrete-blocks and structural steel 
segments and, more recently, reinforced-concrete and prestressed-concrete seg¬ 
ments have been in use. Attempts to introduce brick, timber or ashlar stone blocks 
have generally failed, but the application of fresh concrete compressed by the 
advance between a rigid inner shuttering and the rock face is possible. 

Present practice is to apply cast-iron or reinforced-concrete segments in the 
construction of larger diameter (railway and vehicular) tunnels, whereas concrete 
blocks are given preference in the construction of smaller diameter (public utility) 
tunnels. Fresh concrete is just beginning to compete with these materials. 

63.231. Cast iron linings. The permanent lining for larger diameter shield-driven 
tunnels is usually (for subaqueous tunnels almost exclusively) constructed of 
cast iron. Its main advantages are that it can be quickly erected and is at full 
strength to resist shield jacking pressures and external loads immediately upon 
erection. It is more watertight than other types of lining and being relatively 
thin for its compressive strength is not too heavy and is economical concerning 
the required area of excavation. Cast-iron lining for tunnels of circular section 
is made up of successive segmented rings bolted to one another by means of 
circumferential flanges which at the same time act as stiffening elements. The 
dimensions of the segments are determined by the weight limit required for easy 
handling and erection operations. The length of the segments is usually between 
F5 m and 2-0 m (5 ft and 7 ft) whereas their width, i.e. the length of the 
single rings is subject to several considerations including: 

1. The distance that a miner can reach in advancing the excavation from the 
old face to the new one, which is also a function of the shearing strength of 
the ground. 


47* 
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Fig. 6/127. Cast-iron 
lining ring 
with a 

segment unit 
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2. Foundry practice and capacity and dimensions of machinery tools. 

3. Weight which can be conveniently and economically handled and erected 
and which is also a function of the shield-diameter as skin thickness is a func¬ 
tion of external stresses. 

4. The permissible length of the shield tail, where about two rings have to be 
placed considering that excessive tail length increases resistance to advance 
and renders steering more difficult. 

5. By increasing the ring width,-the advance of the shield is also increased per 
push and reduces the number of joints and bolted connections as possible 
leakage spots. 

Present practice reveals a tendency towards an increase of the dimensions, 
and ring widths of 1-0 m (3 ft) may be considered as standard for tunnel diameters 
up to 6-0 m (20 ft) and 0-75 m (2 1/2 ft) up to diameters of 9-0 m (30 ft). 

Figure 6/127 illustrates the section and plan of a lining segment ring of 6-0 m 
(20 ft) external diameter tube with a detailed section of a single segment. As can 
be seen, the joints of the segments are staggered between adjacent rings in order 
to improve both watertightness and longitudinal flexural rigidity. 

A full ring is composed largely of equal segments (A), with the exception of 
the crown segments (K), where the contact faces of the flanges cannot be radially 
directed as this segment has to close the ring by being pushed in from inside. 
As a consequence, the contacting flanges of adjacent segments (A) must have 
also a corresponding special inclination on one side. 

The contact faces of the flanges have to be machined to close tolerances 
(+05 mm; 0-02 in) for fit and watertightness. This is necessary at first to estab¬ 
lish a smooth and perfectly uniform bearing surface for the adjacent rings when 
transmitting the great pressure of the hydraulic rams at the push and then to 
keep the possible distortion of the ring due to unavoidable inexactitudes in erection 
within the small tolerances of 2-3 cm (1 in) between shield and ring diameters. 
Should a perfect bearing contact surface not be available, the relatively rigid 
cast-iron material of low flexural strength would suffer hair cracks and fail under 
the large non-uniform thrust. 

Axial flanges and stiffening ribs of lining segments should be arranged in line 
with the axis of hydraulic rams whenever possible (Fig. 6/128 upper section). 

Practical dimensions for cast-iron segments are recommended by Richardson 
and Mayo, who suggest that skin thickness may vary between 25 mm and 40 mm 
(1 in and 1 1/2 in) and the depth of flanges should be taken as 42 mm for each 
metre of the tunnel diameter, i.e. 1/2 inch per foot of tunnel diameter. Soviet 
practice is given by Volkov 6 24 in the following table (see Fig. 6/129a). 


C . 2J Volkov V. P.: ToneM Vol. I. Gostranszheldorizdat, Moscow 1945 

Singstad, O.: The Queens - Midtown Tunnel. New York City Tunnel Authority 1944 

Trans. AMSCE, 1943 Paper No 2219 
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Ring width 

Depth of flange (after Hewitt) 
in clayey soils 
in permeable soils 
Thickness of flange 
Inner inclination of flange 
Diameter of bolt hole 


where d = diameter of bolt. 


s = 45-100 cm 
(1-5—3-5 ft) 

m — 0 033 D 
m = 0-042 D 
a <. 0-2 f 
i = 1/30-1/16 
0 = d + 6 mm 

(1/4 inch) 


The skin thickness of the segment may be determined from the forceplay of 
a girder subject to eccentric compression brought about by the combined effect 
of external rock and water pressures and of axial thrust (IT),from pushing pressure 
with fixed supports in the flanges. 

The maximum stress for a unit width will be correspondingly 


a = 


W pl- 

- + ~ . 
t 21~ 


(6.15) 


In the computation of shearing stresses the jack-thrust may be neglected and the 
value obtained for skin thickness (/) is to be rounded up by a measure which will 
not sensibly change the moment of inertia and extreme fibre distance of the seg¬ 
ment. 

In the determination of the whole segment section the bending and normal 
loads (M, N ) - as computed in the annular ring beam in correspondence with 
Chapter 4 - may be considered as decisive. 

Extreme fibre stresses are obtained again from the formulae of eccentric com¬ 
pression 


N 

<T i = -rr± 


My x N _ My 2 

— and — 


The next step is the dimensioning of bolted connections (Fig. 6/129b). Let us 
assume that the joint will open owing to the bending moment and consequently 
the full thrust is to be transmitted upon the area of the reduced width b. The produc¬ 
ed tension force T 2 will act upon the bolt rows, its maximum action being upon 
those most distant from the extreme fibre in compression. 

Taken the moment upon the centre line of compression the following relation 
may be derived: 


M 2 - N 2 {y x - b/3) 
d 2 -b]3 


(6.16) 


From the moment of opposite sign, compression will be concentrated upon 
the other side, and bolt rows on the opposite side will be subject to tension, whence 
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similarly 


Mi — N x {s — y x — b/3) 
s — d 1 — bj 3 


(6.17) 


where b is taken according to Soviet practice as 6 cm (2^ in). 


After the determination of the tensile forces T 1 and 7’ 2 , for the stresses in the 
bolts we get 


o 


47' 

nnd' 1 


(6.18) 


where n — the number of bolts 
d = the diameter of bolts. 

The merit of this computation lies in its simplicity and clarity, but its defects 
are the neglect of the resistance of the inner bolt rows and the arbitrary assumption 
of the working width b as 6 cm. This width b is, in fact, a function of many para¬ 
meters, such as the specific deformation capacity, casting, the deflection of 
flanges, the eccentricity of thrust, etc. which cannot be calculated exactly in ad¬ 
vance. 

Taper rings in which the circumferential flanges are not parallel are used in 
metal-lined tunnels in order to follow designed vertical and horizontal curvature 
and for correcting any possible deviations from the theoretical line and gradient. 
These segments are not usually ribbed but have the full depth of the flanges. 

For sake of watertightness the flanges are provided with dovetail-shaped machin¬ 
ed recesses. The groves formed by these at the adjoining flanges are carefully 
caulked by inserted lead wire or by asbestos thread soaked with bitumen. In the 
Soviet Union expanding cement mortar has been successfully used for this purpose. 

The watertight caulking of bolted connections must be provided for, and this 
is effected by bituminous washers as shown in Fig. 6/130a. These lens-shaped wash¬ 
ers consist of a thin-shouldered steel upper cover filled from underneath with hard 
bitumen reinforced by an asbestos thread. When the bolt is tightened the shoulder 
of the steel plate becomes flattened and the extruded bituminous material enters 
the space between the hole and the bolt thread, and renders the connection water¬ 
tight. Bolts are tightened by hand-wrenches or by hydraulic or pneumatic bolt 
tightening machines. (Tightening has to be repeated after each grouting.) 

Cast-iron complies well with the requirements inherent to tunnel-lining. They 
require special protection, however, against corrosion by soil (tar or ferrofixol 
coatings may be used; cf. Section 46.41). 

In addition to its high strength properties it has high resistance to damage 
in transport and handling, and its watertightness and even its corrosion resistance 
qualities are not bad. 

A disadvantage of cast-iron segments is the heavy iron demand, i.e. 3-5 t/m 
(1-27 t/ft) for a 3-6 m (12 ft) dia tunnel, 6-0 t/m (2-2 t/ft) for a 5-5 m (18-5 ft) 
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Section A-A 

Fig. 6/130a Bolt connections for cast-iron lining segments 
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dia tunnel, and 20 t/m (7-35 t/ft) for an 8-5 m (28 ft) dia tunnel. Furthermore, the 
considerable weight of the single pieces (500-1500 kg) and the unaesthetic ap¬ 
pearance of the bare surface may also be deprecated. The air is also contaminated 
by the dust which settles in its corners and recesses so that a smooth surface cover¬ 
ing is frequently indispensable. 

With regard to the advantages offered by a flexible lining in the reduction of 
its dimensions, and to avoid the difficulties inherent to bolted connections, 
unbolted flexible jointed cast-iron segments were used in one section of the new 
Victoria line (Fig. 6/130b). The lining of the 4-0 m (13 ft 1 inch) diameter tunnels 
was composed of six segments each 2*5 cm (1 inch) in thickness for a ring width 
of 0-60 m (2 ft). One end of each segment is concave and the other convex, so that 
the ends of segments form knuckle joints fitting into each other. The erection of 
the segments is started from the bottom, the first two forming the invert and 
offering provisional supports for auxiliary posts needed during the course of 
erection. The segments have shallow interior ribs which are enlarged to form 
perforated hinges regularly spaced round the periphery of the ring for handling 
purposes and to provide in due course for fixing various railway appliances. 
With regard to the reduced area of the flanges, wood packing pieces were inserted 
between the cast-iron segments to distribute the thrust of the shield rams. In 
conclusion, the application of segments without bolts offered a considerable 
saving in material and a reduction of erection time of about 50%. 

It was, again, the heavy demand in iron and the desirability of reducing the 
dimensions which gave rise to the idea of the utilization of more resistant steel 
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Fig. 6/130b Knuckle jointed boltless connections for cast iron lining segments (Victoria line) 

materials. The use of cast-steel was attempted at first for the production and man¬ 
ufacture of the same type of lining segments with flanges and bolted connections 
but with a reduced weight. Their application is restricted to lining station tunnels 
of very large diameter or of adjacent tubes lying close beside or above each other, 
or where the construction of such closely spaced tubes and an inherent stress 
superposition initiated therefrom may be expected in the future. 

63.232. Structural steel segments. The same endeavour was the source of the 
attempt to fabricate steel segments from structural-steel. These were fabricated 
from the usual rolled sections (plates) and welded to an appropriate form, or 
from plates pressed to the required form — for smaller diameter tunnels. Owing 
to its distortive effect, the use of welding has to be kept to a minimum and pressing 
must be used wherever possible. 

The fabrication of these segments is started by pressing the plates to the required 
radius and bending up their transverse edges to form the rims. Rectangular steel 
strips can be welded on the bottom of these rings for improved rigidity. On the 
longitudinal edges flange-plates of corresponding shape and curvature are welded, 
which have previously been perforated according to the spacing of the connecting 
bolts. For larger segments, stiffening elements may be of special T-shaped or other 
rolled sections. Fig. 6/131 shows the bigger section lining segment used in the 
construction of the Queens-Midtown tunnel (New York) provided with welded 
flanges on all four sides. 625 

The weight of a structural steel lining ring may be computed after Richardson 
from the correlation: 

6,25 Singstad, Q.: Queens-Midtown Tunnel. New York City Authority 1944 
Trans. AMSCE, 1943 Paper No 2219 
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W k * lm = 125 D 2 , 

where W = weight in kg/m 

D = the external diameter of the ring in metres 
(lF lb/ft = 7-5.D 2 with D in ft). 

Experience shows that in dry clay a saving of 50% and in submerged silt one 
of 65 % may be obtained in comparison with the use of cast-iron segments. 

In addition, a great advantage of structural-steel lining segments is that 
when all subsequent movements after placing have ceased, all joints may be 


mo 



Fig. 6/131. Welded structural steel lining segment (Queens-Midtown) 


closed with perfect watertightness by welded seams. Naturally, the contacting 
flanges of the single elements can be provided with machined grooves - like 
cast-iron segments - and caulked by lead-wire or£xpanding cement in the same way. 

In conclusion, structural steel segments may be somewhat cheaper than cast- 
iron ones, but have two important drawbacks. The first is their very high sensi¬ 
tivity to corrosion (except when corrosion-resistant steel is used, which involves 
considerable excess expenditure). The second drawback is the insufficient exacti- 
tudein their fabrication, rendering them under normal conditions not 100%suitable 
for resisting and transmitting the very big pressures exerted by the hydraulic- 
rams during the push. The required tolerances within a few tenths of a millimetre 
cannot be secured even by the most careful fabrication, assembly and welding, 
but only by subsequent milling which increases costs considerably. 

63.233. Concrete segments. To avoid the high cost of cast-iron lining early 
attempts were made to develop some type of precast concrete blocks. The greatest 
difficulties encountered up to quite recent times have, again, been caused by the 
required perfect and uniform contact of adjacent block rings. Even when the 
considerable difficulties of exact casting could be overcome, there remained the 
inequalities of placing from the shield tail and the difference in level (skin plate 
thickness: A) necessarily resulting in a distortion of the block ring (cf. Fig. 6/82). 
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The big ram pressures produced by the propulsion of the shield have brought 
about bending pressures even with the slightest unevenness of contact which 
led to immediate cracking - chiefly during the first few pushes. 

The measure and structural importance of cracking can be considerably reduced 
by the use of reinforcement (which is an additional item of expense) but spalling 
off at the edges and hair-cracking cannot be prevented by this measure. 

Another early difficulty was revealed by the erection process when it was neces¬ 
sary to find some method of holding the upper blocks in position until the ring 
was keyed. Cast-iron segments were held in position by bolting to the previous 
clean cuts and rings, but concrete blocks should be held by some temporary 
props until the ring (arch) is completed. A further difficulty was presented 

when placing the key block. The first stand¬ 
ard key block could not be placed until 
the shield had advanced another ring, i.e. 
the pressure distributing ring was cor¬ 
respondingly retracted. This required a 
longer tail on the shield in any case. A 
dummy key block of wood was placed 
temporarily in the uncompleted ring to 
assure stability during the push, which 
in turn necessitated that the top ram could 
not be used, so rendering steering more 
difficult. A more convenient method 
is to apply small cast in place concrete 
keys of rapid hardening cement which 
become a permanent part of the lining. 

The first successful development was 
the O’Rourke block. As shown in Fig. 
6/132 these concrete segments, 0-75 m 
(2 1/2 ft) wide and about 2 m (6 1/2 ft) long 
have two projections and/or recesses on 
both faces. Those on the forward face 
are depressed 32 mm (1 1/4 in) and those 
on the rear edge project 38 mm 1(1/2 in). The heads of the rams bear against an 
oak cushion in the recess. These blocks are erected to break joint a separation of 
6 mm (1/4 in) corresponding to the above difference between the depth of 
recesses and the height of projections between the faces. Thus, the concentrated 
and more uniform transmission of all jacking stresses through these restricted 
contact surfaces will be secured. 

Another interesting feature of the system is the key-block which is in two 
pieces, the two sections having an overall length equal to a typical block. After 
the last piece has been placed in position a concrete pin is pushed into a groove 
to lock the two key pieces which may be erected separately from inside the ring. 
The blocks are placed by erector arms which are mounted on a trailer closely 


Key block 




Top V'ii?IV 


Bottom v/gw 


Fig. 6/132. O’Rourke concrete blocks 
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of the water supply tunnel under the 
Danube (1935) with the concrete 
hiocks of Erdelyi and Vajda 
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Fig. 6/133c Cross-section of the sewer tunnel in Budapest (1963) 


Grouted back 
space 


following the shield. At the front of this trailer is a frame carrying a series of tele¬ 
scopic steel beams (as crown bars: cf. Fig. 6/9) which are designed to afford the 
required temporary support for all blocks in a new ring above the springline 
until the key is set and the ring is made self-supporting. 

Gravel holes 38 mm (1 1/2 in) dia are provided in some of the blocks for shoot¬ 
ing gravel into the annular void left behind the tail of the shield and other holes 
are arranged for grouting the 6 mm (1/4 in) interstice left between the faces 
of adjacent rings after sufficient time has been allowed for them to adjust them¬ 
selves to rock pressure. 

Considering that the bigger the dimensions of the lining segments the more 
difficult it is to secure a uniform bearing for them, the use of smaller concrete 
blocks may be advised, particularly in the construction of relatively small diameter 
public utility tunnels. The system advised by Erdelyi and Vajda and successfully 
employed in the construction of the subaqueous water supply tunnel at Kaposztas- 
megyer under the river Danube is shown in Figs 6/133a and b. These conrete 
blocks 25-30 cm (10-12 in) long, 25 cm (10 in) thick and 33 cm (13 in) wide had 
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curved contact faces - concave at one end and convex at the other in the direction of 
the ring - which made a hinge-like action possible and rendered the lining flexible 
enough to adjust its deformation to the thrust line and reduce bending moments 
to a minimum. All edges of the blocks were chamfered by 2-5 m (1 in) to prevent 
spalling off under the heavy pressure of propulsion rams. 

The blocks were cast with the utmost exactitude in accurately (+0-25 mm) 
machined cast-steel moulds. The accepted tolerance was ±0-5 mm. The uniform 
distribution of pushing pressures by the rams upon the relatively small blocks 
was secured primarily by a special rigid steel pressure-distribution ring and also 
by the careful and accurate placing of the blocks themselves. 

A similar lining was designed recently for a main sewer in Budapest (Fig. 
6/133c). This work was successfully completed although difficulties had to be 
overcome when the lining ring slid but from the shield and suffered a drop equal 
to the thickness of the skin, which incurred at first some cracks. This was counter¬ 
acted by cutting out a lower segment of the bottom skin so that the blocks could 
be placed on the ground directly. 

The great development in recent decades in the improvement of concrete quality 
(careful grading, water control, steaming, vibration, etc.) has been largely respon¬ 
sible for the use of precast-concrete segments in general practice. This is well 
illustrated by the fact that a water-supply tunnel in London 6 26 was built recently 
with 15 m (6 in) thick trapezoidal blocks of the Don-Seg type (Fig. 6/134a) 
similar to the T. M. blocks 6,27 (Fig. 6/134b). These, however, have no flat sides, 
but have tongue and groove joints on all four sides. 

The primary function of the shield in the London water-supply tunnel was 
tp cut a circular hole in the good London clay of an exact diameter. The protective 
function inherent to the shield was of secondary importance here. The most 
important requirement was to cut the hole for the precast lining of fixed diameter 
very accurately. When the clay was exposed behind the shield, the pressure was 
released and the clay expanded. When the lining was erected and tightened the 
clay became recompressed to some extent. It was important, therefore, to establish 
a correct relation between shield diameter and lining diameter making proper 
allowance for the expansion of the clay and producing the required degree of 
compression in the ring and corresponding pressure against the clay. 

Each Don-Seg ring was 54 cm (21 in) wide and consisted of ten equal wedge- 
shaped segments weighing 163 kg (360 lb) each. The longitudinal edges were 
coated with a bitumen paint. Alternate segments were placed in a ring with the 
wide end against the last assembled ring and the new ring was then tightened 
by using the shield jacks to wedge home the intermediate segments with their 
narrow ends towards the last assembled ring. (Each segment was pushed by a 


2.26 tattersal, Wakeling and Ward: Investigation into the Design of Pressure Tunnels 
in London Clay. Proc. Inst. Civ. Eng. 1955 July. 

Cuthbert-Wood : The Thames to Lee Tunnel Water Main. Proc. Inst. Civ. Eng. 1962 Febr. 

6.27 Richardson and Mayo: Practical Tunnel Driving. McGraw Hill, New York 1941 
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Fig. 6/134. Trapezoidal 

concrete lining 
segments: 

(а) The 

Don-Seg type; 

(б) the T. M. type 


separate jack in the shield.) The segments were bearing tightly against the excavated 
clay face and became pre-tensioned through the passive resistance. 

T. M. blocks are also trapezoidal in shape but are tongued and grooved on all 
four sides (Fig. 6/134b). They are laid up within the shield skin with their wide 
ends alternately to the front and to the rear; in effect every other block constitutes 
a key-block. The blocks P are laid first joining tightly to the last ring whereas 
blocks Fare pushed by hand into the interstices. When pushing either the applied 
pressure distribution ring will push all the F elements into their position at once 
or the separate jacks will do so, simultaneously bringing about a tight connection 
and solid bearing against the surrounding ground. In order to avoid bending in 
the block, only one jack bears against a block. All the tongues are coated with 
thick asphalt which acts as a cushion in the transmission of jack pressures and 
is squeezed into the joints where it acts as a water-seal. 

It must be noted, however, that bituminous coats as described above do not 
comply with higher waterproofing requirements. In such cases a concrete block 
lining must generally be subsequently completed by an additional inner water¬ 
proofing whicli must be capable of resisting water-pressure. This inner lining 
may consist of a carefully prepared bituminous paper or P.V.C. sheets supported 
by an inner, cast in situ, monolithic reinforced-concrete lining to resist water 
pressure; or a welded steel sheeting may be anchored to the outer block ring to 
ensure its resistance against external water pressure (Fig. 6/135a). With adequate 
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Fig. 6/135a Cast in place 

concrete lining with anchored 
steel-sheet waterproofing 


Monoli thic concrete ring Precast concrete block /inrng 
with inner steel sheeting 



anchorage, the external concrete ring and the internal steel sheeting may be dimen¬ 
sioned as a composite structure to resist the united action of external rock and 
water pressures. 

However, in watertight uniform unfissured clays the inner auxiliary ring may 
occasionally be omitted and a thorough caulking of the joints between the lining 
blocks may be satisfactory, chiefly when coupled with subsequent grouting which 
has to fill partly the back-space of the excavated rock-face with the extra appropri¬ 
ate additives (bentonite) in the grout. 

Some favourable results have been obtained recently by the application of cast 
in situ fresh concrete finings. 6 - 28 In this case a rigid and resistant steel-formwork 
and shuttering has to be erected in the interior of the shield tail. The pressure 
distribution rings bear directly upon the annular space filled with green concrete 
(advantageously placed by concrete pumps through suitably spaced fairly large 
diameter inlet holes) and the push produces perfect compaction and tight bearing 
against the excavated earth-face. The erection employed, the removal and section- 
length of the steel formwork, as well as the number of units and the overlapping 
length with the tail skin must be in accordance with the setting time of the cement 
applied. The length of the shield tail may be shortened to reduce frictional resis¬ 
tances during propulsion (Fig. 6/135b). 

A rigid formwork and easily dismantled shuttering is another essential part 
of this construction, the use of which was given remarkable technical and economi¬ 
cal results in Germany (G. Hallinger) and, recently, also in the Soviet Union (the 
economy obtained is more than 50%). It is very probable that this method is 
suitable only in fairly cohesive ground. 

6.28 paprqth, E.: Herttellung eines Hauptsammlers im Tunnel'oauverfahren. Schriftenreih 
No 9, 1963 
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Fig. 6/135b Successive construction stages of cast in place 





lining with the shield method 
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63.234. Reinforced-concrete lining segments. In order to increase strength and 
to reduce weight, concrete lining blocks are replaced - chiefly in larger diameter 
tunnels - by reinforced-concrete lining segments. It can be stated authoritatively 
that in the course of development over the last 20 years, these principal require¬ 
ments have been fairly well satisfied; the major problem still to be solved is to 
secure satisfactory watertightness both for the joints and also for the concrete 
of the thinner reinforced-concrete element itself. The solution of this problem 
has been sought in two directions. 

The first trial was made in London in the construction of the Ilford line 6 29a 
where ribbed-type reinforced-concrete segments were employed (cf. Fig. 6/138a). 

This was the prototype for the experiments started at the very beginning of 
the construction of the Budapest underground railways in 1951 under the direction 
of K. Szechy, L. Palotas and J. Illessy 6 2315 . Fig. 6/136a shows the design 
of one reinforced-concrete element designed for a 6-0 m (20 ft) diameter tunnel 
with 1-Ox2-12 m (3-3x7 ft) surface dimensions and 28 cm (11 in) depth. The 
strength of the segments was secured by choosing a carefully graded aggregate, 
by the addition of 350 kg P.C. perm 3 (590 lb/cuyd) and by thorough vibration 
with a consistency of 0-37-0-40 water-cement ratio. These measures provided 
only for adequate strength, the watertightness of the 8 cm (3 3/16 in) thick seg¬ 
ments of concrete shell against a water pressure of 12 atm was obtained only 
by special steam-curing in cylindrical kilns under a pressure of 7 1/2-10 atm at 
a temperature of 167 °C (270 °F). 

The connections were designed similarly to those of cast-iron segments, swell- 
cement caulkings and asbestos-bitumen-filled shouldered steel-shell washers 
providing for the watertightness of bolted joints (Fig. 6/136a). 

Test loadings carried out in a test pit with a series of vertically placed segment 
rings have proved that the bolted hinge-like connections coupled with the residual 
deformation of the rings resulted in a considerable decrease in the stresses, compar¬ 
ed with the values calculated for a monolithic circular ring. The deformed shape 
of the lining ring adjusted itself much more to the thrust line, as shown in Fig. 
6/136c, thus eliminating bending stresses to a considerable extent. 

This favourable behaviour against transverse loading was not maintained 
against axial (jack-pressure) loads. At an average axial stress of 25 kg/cm 2 (356 
ib/in 2 ) and with the secured fabrication tolerance of +0-5 mm (0-02 in) spalling 
occurred at the edges of contact surfaces and at the rear face of the lining seg¬ 
ment. The best arrangement and amount of applied reinforcement were found by 
direct bending tests in laboratory test machines (Fig. 6/136b). 

Ribbed-type segments were also used at first in the construction of the newer 
lines of the Moscow Underground (Fig. 6/137a) and in the extension of the Lenin- 


6 ' 29a Grooves, G. L.: The Ilford Tube, Proc. Inst. Civ. Eng. 1946 5 

6 ' 29b Szechy, K.: Tests on Concrete Tunnel Linings, Concrete and Constructional Engineering 
1959 March 
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Fig. 6/136a uesign of an experimental reinforced-concrete lining segment for a 6 0 m dia tunnel ring 
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Fig. 6/136b Bending test of experimental reinforced-concrete lining specimen 


grad Underground (Fig. 6/137b), whereas more recently, attempts have been 
made to employ slab-type segments, too (Fig. 6/137c). Although the relatively 
short period of their use doeg not allow final conclusions to be drawn, a comparison 
of the two types permits the following observations to be made. 

The ribbed segment can be placed more readily and exactly, and, through the 
rigidity of its joints, it assures greater longitudinal rigidity in varying layers against 
differential settlements. Troubles have arisen, however, in watertightness at the ribs 
and at the connections. Both the roots and the bolted rims of the ribs are inclined 
to fissuration induced during fabrication or erection (bolt-tightening, caulking) 
processes. The smaller structural thickness of their segment skin offers less resistance 
to water infiltration. In present practice, therefore, preference is given to the slab 
type in somewhat greater cover depths where a uniform pressure distribution 
may be expected, whereas in shallow depths the more rigid type of segments is 
used. 

In order to reduce the dangers of rib fissuration during shield propulsion as 
well as at bolt tightening, and to reduce the time necessary for placing the bolts, 
steel pins are used in Soviet practice in all axial joints and the circumferential 
bolted connections are somewhat modified. Only one row of connecting bolts 
is applied near the inside edge of the ribs, not piercing through the dovetail¬ 
shaped recesses provided for swelling cement caulking (Fig. 6/137d). As to the 
watertight sealing of joints, experience has shown that swelling-cement caulking 
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frequently crumbles out when exposed to higher variations in temperature and 
to greater dynamic effects. Therefore, experiments are being carried out with 
various artificial resins and plastics (Polymers, PVC., etc.) with a view to their 
use not only in the recesses, but also for their insertion in the form of sheets 
between the contact surfaces. This latter application may also have a beneficial 
influence on the moTe uniform distribution of jack pressures upon the contact 
faces when the shield is advanced. The contact faces of slab-type segments are 
usually not planes but slightly convex or concave to ensure a hinge-like action. 
Watertightness is ensured by the insertion of plastic sheets and a seal of plastics 


Moscow type 



Leningrad type 
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Flat type 



section of segment 


1000 

Fig. 6/ 137c Reinforced-concrete lining of the Moscow Underground (flat slab type) 


Fig. 6/137d-e Details of 
waterproof 
connections of 
reinforced-concrete 
lining segments 


Swelling cement 
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or of swelling cement in the recesses arranged on the inside face. To reduce toler¬ 
ances and to obtain greater exactitude, experiments are being carried out to 
fabricate the reinforced-concrete segments in suitable squeezer moulding machines 
instead of casting them on vibrating platforms. 

Precast reinforced-concrete lining segments were first used, as already mentioned, 
in the construction of the Ilford line of the London Underground. 6 291 -' The form, 
reinforcement and dimensions of these are shown in Fig. 6/138a. As can be seen, 
the whole design is perfectly similar to the cast-iron segments, the difference being 
only in dimensions. The thickness of the slab was 5 cm (2 in) and the height of 
the ribs 13 cm (4 1/2 in) for a 3-90 m (12 ft 9 3/4 in) outside diameter shield. 
Bolt holes were lined with a, steel sleeve, and wooden plate packing with inlaid 
bituminous sheeting was used between the contact surfaces for waterproofing. 

It may be mentioned here that neoprene rubber gaskets and washers (under the 
bolts) have been applied successfully for waterproofing the joints of a sewer tunnel 
in New York. 6 29d 

Instead of this early type, precast slab-type concrete lining was used in the con¬ 
struction of the new Victoria line. These were designed for an internal diameter 
of 3-80 m (12 ft 6 in). Tests were made with segments of thicknesses varying be¬ 
tween 11-5 cm and 22-9cm(4 1/2 in and 9 in). It is hoped that finally 15-2 cm (6 
in) thick segments may be adopted. Apart from the key, the segments are left 
completely unreinforced, a fact which is due both to the favourable strength 
characteristics of the London clay and to the excellent quality of the concrete. 
(In addition, no watersealing was necessary!) 

Each tunnel ring is made up of 14 identical segments (Fig. 6/138b) having one 
end convex and the other concave, so that they fit together with knuckle joints 
similar to those for cast-iron segments (cf. Fig. 6/130b). When the 14 segments 
are erected a gap of about 18 cm (7 in) remains at the top. This gap is filled by 
a pair of reinforced-concrete folding wedges having plane contact faces and 
convex and concave faces respectively in contact with the segments on each side. 
The wedge with the wide end nearer to the shield is driven home by a pair of small 
hydraulic jacks, while the other wedge is held in position. These two wedges 
hold the whole ring firmly in place. 

The segments are cast with four holes equally spaced round the interior circum¬ 
ference. These are used for handling at the erection stage and, later, with expand¬ 
ing bolts for fixing tunnel equipment, they serve the same purpose as the ribs 
of the cast-iron segments. Handling is effected by hoists at the working face, 
an expanding bolt placed in one of the holes being used for lifting. This lifting 
is done by a manipulator arm mounted at the rear of the shield and held in place 
by pull-out pins until the fixing wedges are driven in. 

6 ' 29C Groves, G. L. Tunnel Linings with Special Reference to R. C. Lining Proc. Inst. Civ. 
Eng. 1943 Paper No. 5304.) 

Pattendon B.: ibid. No 5453. 

6.29d Watertight Primary Linings Cut Cost of Tunelling Sewer. Construction Methods 
1965. Sept. 
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Fig. 6/138a Reinforced-concrete lining segments employed on the Ilford line (1943) 


762 construction and design of tunnels 




SHIELD TUNNELLING 


763 


No grouting is used with the tunnel lining and there is nothing between the 
rings, except that wood packing pieces are inserted between the segments to 
distribute the thrust of the shield rams. 

The watertightness of reinforced-concrete lining rings may be improved not 
only by an increase in wall-thickness, but also by reducing the number of joints, 
i.e. by increasing the length of the single elements. This necessitates, of course, 
the application of more powerful erection machinery. 6 29e 



Fig. 6/138b Reinforced-concrete lining segments employed on the Victoria line (1963) 

One of the latest developments in this respect is the construction of the Donner- 
biihl tunnel in Bern (Switzerland) 6 30 where the reinforced-concrete lining ring 
with an external diameter of 10-10 m (32 ft 6 in) was composed of four main 
precast segmental slab-elements 7-5 m (25 ft) long, 0-50 m (1 ft 8 in) wide and 
0-55 m (1 ft 10 in) thick, the weight of which was about 5 tons each. The four 
main segmental elements were completed by quite a small key-stone, which was 
not placed at the crown but sideways, just adjacent to the bottom piece (Fig. 
6/139). This location proved to allow a more ready and exact insertion of this 
important piece by pushing it backward from the face. The elements were 
designed with projecting collar flanges affording temporary support from the 
previous ring. The joints between the four main elements are arranged diame¬ 
trically in the axis inclined at 45°, thus practically coinciding with the zero bend¬ 
ing moment points. Careful grouting, following the erection of the rings, pro¬ 
vided a tight contact with the adjacent soil. This was the more necessary because 
the tunnel was driven through moraine-debris formations with sand layers inter- 

6 29e No Bolt Linings Halve Tunnelling Time. Engineering 1961, 414 

630 Cf. Desponds, R.: Der Donnerbiihl Tunnel in Bern. Schweizerische Bauzeitung 1960 
10 - 12 . 
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Hig. 6/139. Reinforced-concrete lining segments of the Donnerbtihl tunnel in Bern 
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mingled with gravel at a very shallow depth (H ^ D) under an urban area, 
where surface subsidence had to be kept to a minimum, all of which necessitated 
immediate and thorough grouting. (It is interesting to note that the contractor had 
to undertake the financial risk of any surface damage and this was effected by a 
contract with an insurance company.) To ensure this, not only the backspace of 
the rings was grouted but thixotropic suspensions were forced behind the shield 
skin not so much for water sealing, as for soil solidification, impregnation and 
compaction. The application of thixotropic material is to anticipate the danger 
that grouting would increase friction resistance and render propulsion more 
difficult. In this way the tunnel could be driven in the heavily water-logged soil 
with direct pumping only, without any excessive surface subsidence. 

In very much the same way a section of the Hamburg Underground was driven 
with an external diameter of 6-60 m (22 ft), where four segments 90 cm (3 ft) 
wide, 35 cm (1 ft 2 in) thick and about 4 m (13 ft) long of 15 tons weight made 
up a ring. 6 31 The segments were connected to each other in a transverse direction 
by steel pins, and the rings by steel bars. An inner insulation was applied supported 
by an inner monolithic reinforced-concrete ring against water pressure. 

As to the dimensioning of precast reinforced-concrete lining segments a special 
draft specification has been laid down in the Soviet Union. 6 - 313 According to 
this draft, dimensioning should comprise the following three items: 

1. Dimensioning of the full annular ring not only against external loading 
when completed but also for the erection stages is required. As to the method, 
one of those taking the lateral elastic soil support into account is prescribed, 
preferably that of Orlov, or the polygonal chain method (see Section 4.33). 
More exactly defined, statical control is to be effected for the two stages: 

(a) erection stage before the accomplishment of the first (back-space filling) 
grouting; 

(b) completed stage after the accomplishment of the first grouting. 

For stage (a) the specification prescribes that the supporting pattern of the ring 
is to be assumed in accordance with the distribution of external packings or 
blocks as provided in the erection programme. (Packings provided in the interior 
of the shield skin should not be taken into account.) 

Should there be no definite temporary support for the erection, then a single 
knife-edge support is to be assumed below the bottom of the ring. Bending moment 
diagrams for this case are given in the specification (Fig. 6/ 140a). When computing 
the weight of lining the specific gravity of reinforced-concrete segments is to be 
taken as 2-5 t/m 3 multiplied by a safety factor of IT. The effective weight of erection 
machinery is also to be increased by a factor of /i = 1-3. 

Both vertical and horizontal rock loads should be taken as uniformly distributed 
when projected upon the horizontal or vertical diameter of the ring. Rings with 

631 Cf. Mandel, G.: U-Bahn Bau in Hamburg, Schweizerische Bauzeitung 1959 43. 

<i-3ia Vremennye metod ukazhanya po rast. zhel. obdel. tonn. (Temporary prescriptions for 
dimensioning R.C. lining segments), Mintransstroy. Moscow 1959 
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no axial connection between one another may be dimensioned independently, 
but for those which are effectively connected to each other in an axial direction 
the increase from adjacent ring loads transmitted by load superposition owing 
to composite deformations must also be taken into account. 

2. The single segments must be checked for all stresses induced by initial and 
unequal gaps resulting from deficiencies in fabrication and in erection. In addi- 





ttG. 6/140a B.M. diagrams owing to self-weight with a single knife-edge support at the bottom 
(Soviet regulations) 
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tion, initial gaps may be due to improper structural links and connections 
between adjacent rings. According to tests, reinforced-concrete lining segments 
are very sensitive to these. Concrete faces will crumble at relatively low stresses 
and edges will break down readily. 

The prescriptions limit the maximum width of allowable fissures to 0-2 mm in 
the inner face irrespective of whether the lining is coated with a waterproof 
insulation or not. 

The statical behaviour of the- ring will be altered fundamentally by initial gaps, 
as stresses will not be transmitted over the whole, but only on one part of the 
area of adjoining faces. In case of such a type of load-transmission, the magnitude 
of bending moments (i.e. the location of the thrust line will depend not so much 
on the non-uniformity of external loading as on the relative situation of the gap) 
(Fig. 6/140b). 

The eccentricity of thrust (N = normal force) 
will depend upon the distribution and magnitude 
of contact pressures. Assuming certain approxi¬ 
mations, the initial eccentricity to be considered 
according to the specifications may be comput¬ 
ed as 

Nk h 


c„ = d — 


where 


2b er. 



d = the distance between' the centre line of 
gravity and extreme fibre outside or the 
bottom of caulking recess inside (Fig. 
6/140b) 

o H = unit compression strength of concrete 
k b = homogeneity factor of concrete ( k b < 1) 
b = the width of the segments. The actual 
gaps due to erection and fabrication 
deficiencies ( e ) have to be added to 
this value. 



Fig. 6/140b Assumptions 
for defective 
contact between 
reinforced-concrete 
segments 


The total additional bending moment will finally be 


M = + (e 0 + e)N. 

3. Finally, the deformation of the articulated annular ring is to be computed 
with regard to the danger that if this should attain an excessive value not only 
will the thrust line be dangerously modified but also the stability of the articulated 
structure (which is primarily secured by the embedment itself) may be endan¬ 
gered under yielding embedment conditions. 

63.235. Pre-tensioned and post-tensioned segments. Further possibilities of devel¬ 
opment are offered for the widespread use of reinforced-concrete lining segments 
through the application of pre-tensioning and post-tensioning. 
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Prestressing, in general, eliminates many of the defects of precast concrete- 
block linings besides offering considerable economy in material. In addition, it 
increases watertightness and promotes monolithic co-operation between the indi¬ 
vidual rings, and brings about a favourable reduction of bending effects owing 
to the big initial thrust induced into the ring by prestressing, which also prevents 
an unwanted opening of the joints between the elements in contact. In addition 
to the transverse prestressing, applied first, longitudinal prestressing has. recently, 
been coming into practice. 

Transverse prestressing was first realized by an external hoop bandage after 
a project prepared by Freyssinet for a subaqueous sewer tunnel constructed 
under the Seine. 63 - These tunnels of 4-15 m (14 ft) and 4-80 m (16 ft) diameter 



were driven under compressed air by hand. The concrete blocks 1-45 m (4 ft 
10 in) long, 55 cm (1 ft 10 in) wide and 41 cm (1 ft 4 in) thick were placed with 
a rotating erector arm in the interior of the shield skin upon the previously placed 
flat steel tension tapes of 270 mm by 5 mm (11 in by 1/5 in) (see Fig. 6/141). These 
were always arranged in two groups, one half group beneath the blocks of the 
previous ring and the other beneath the ring under construction. At about the 
spring line two 50 ton jacks were inserted in suitable interstices left between the 
two half rings. Then the jacks were tensioned until the stresses in the tapes attained 

6112 Lalande, M.: Diversite des applications du beton precontract. Travaux 1949 February 
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the strain required for the pre-tensioning. Then, two blocks were pushed on 
both sides of the jacks and by driving suitable steel wedges at their top, the 
jacks could be released and dismantled and the gap D filled with concrete. In 
this case, tensioning was increased to 30 kg/cm 2 (430 lb/in 2 ), a value approximately 
corresponding to the external soil pressure. The joints were then clipped and the 
back-space around the tensioning groups grouted. Finally, a 3-10 cm (1-3 in) 
thick gunite rendering was applied inside. This method, however, could not spread 
in practice because of the difficulties and uncertainties in the control of the external 
tensioning. The idea of axial (longitudinal) prestressing was initiated in the cons¬ 
truction of subaqueous tunnels floated and then sunk in prefrabricated units. 6 33 

The most recent realization of 
this idea is the construction of 
the Liljeholmen tunnel in Stock¬ 
holm, 634a where 40-85m long sec¬ 
tions were produced from 15—25 
m long precast units and sunk, 
after prestressing and floating, 
to the bottom of Lake Malar 
to house the double track of the 
Stockholm underground railway. 

Another recent application of 
prestressing is to be found in cer¬ 
tain sections of the sewage tunnel 
under the Rhine at DUsseldorf. 6 34b 
The precast-concrete blocks were 
only used here on the embank¬ 
ment section of the tunnel. The 
circular section of 3-80 m (13 ft) 
inner diameter was composed of 
four 69 cm (2 ft 3 in) wide and 25 cm (10 in) thick, high-strength (600 kg/cm 2 
cube strength) plain concrete segments weighing 1-5 tons each. The ring is com¬ 
pleted by a special key placed somewhat above the spring line. The single 
elements were cast with shoulders projecting somewhat beyond the face of the 
contacting joints. In these shoulders the tension holes were housed into which 
the high strength (90 kg/cm 2 = 130 000 lb/in 2 ) prestressing bars (Finsterwalder 
method) were anchored. One end of the pre-tensioning bar was supported on 
these shoulders bearing upon a steel packing with its head, whereas prestressing 
was effected by screwing the nut tight upon the thread of the free bar end. Thus, 

e-33 Foster, H. A.: Le beton precontract applique a la constr uction des tunnels sous- 
fluviaux. La Technique des Travaux 1954 January. 

6343 Vretblad* E.: Tunnelbanebro under Liljeholmswiken. Teknisk Tidskrift 1959 13 
Vretblad, E. et al.: Vom weiteren Ausbau der Stockholmer Untergrundbahn. 
Die Bautechnik 1966. Feb/ 

6.34b Rheintunnel DUsseldorf, Hochtief Nachrichten 1960 Aug/Sept. 



Fig. 6/142a Concrete tunnel lining 
post-tensioned by the 
Finsterwalder system (DUsseldorf) 
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Fig. 6/142b Interior view of the sewage tunnel at Diisseldorf 

and tensioning forces measured accurately from inside the tunnel. Asbestos insu¬ 
lating sheets were inserted between the contacting surfaces of the segments and a 
thorough grouting applied to ensure tight contact with, and a solid bearing upon 
the surrounding earth face (Fig. 6/142b). 

Another economical method of transverse prestressing is preloading by external 
grout pressure. An additional advantage which may be claimed for this method 
is that in this way a preliminary compaction of the surrounding ground and better 
co-operation between the composite structural elements - tunnel lining and sur¬ 
rounding ground - is also obtained. As an example of this, Kieser’s method may 
be mentioned (Fig. 6/143). 835 As a first step, a circumferential concrete bedding 
is cast in situ, and tightly compacted against the excavated rock face in order to 
provide a tight connection between them and for the production of a regular and 
as smooth an inner face as possible. The former purpose is served also by a prelim¬ 
inary grouting by which all fissures, cracks and voids are filled in the rock so 
increasing its strength. The lining ring of concrete segments is then erected, leaving 
only adjacent elements were always stressed to one another (Fig. 6/142a). A great 
advantage of the method was that prestressing could be calculated conveniently, 

*' ,s Cf. Rousselier, M.: Le revetement des galeries Annates de I'lnstitut Technique de 
B. T. P. 1952 59. 

Kieser Druckstollenbau. Springer, Wien 1961. 
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an annular gap of 3 cm (1 1/4 in) between the previously installed bedding con¬ 
crete and the extrados of the ring. This gap is filled first through grout holes left 
in the segments with a cement-mortar mix under low pressure. This operation is 
always continued until the mortar appears in the next hole above. Then, a cement 
suspension is forced in at a pressure of 150% of the working load upon the tunnel 
lining. The pressure is maintained until the hardening process is completed in 
order to counteract slackening effects. 

63.24. Application of Compressed Air (the Plenum Process) 
and Soil Stabilization in Tunnelling 

Shield tunnelling is usually employed in recent waterlogged alluvial deposits 
with a small bearing capacity for the construction of metropolitan subways or 
subaqueous tunnels. The most difficult problem in shield tunnelling is presented 
- besides the support of the front face - by dewatering the working site. Two 
methods are commonly used for this purpose. The infiltrating water is either 
collected in drains and canals and led to sumps, whence it is pumped off, or it is 
pressed back or rather retained in the pores of the surrounding soil by increased 
air pressure. (It may be noted that, exceptionally, horizontal well points may also 
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Fig. 6/144. Horizontal locks embedded into the bulkhead wall 


be used. These are driven and kept ahead of the front face, in shorter tunnel 
sections.) 

The precondition for admitting any seepage of water into the tunnel is that it 
should not contain and wash out any fine particles from the surrounding soil. 
This may be the case when water is infiltrating from the fissures of hard clay or 
rom coarse grained soils. The most delicate dewatering problems are encountered 
in fine sand, and in very plastic clayey soils, and for this purpose the compressed 
air method (plenum-process) is best suited. The compressed air working chamber 
must be established just at' the front face and restricted to a minimum tunnel 
length backwards. This is greatly facilitated by the fact that in shield tunnelling 
a permanent bearing and sufficiently watertight lining is installed at once and 
this may be exposed to the full design load soon after the first grouting. Therefore, 
the airtight bulkhead separating the completed tunnel section from the working 
area, where excavation and lining are accomplished, may be placed at quite a short 
distance (some 10-20 rings) from the front. Communication and transport from 
the area under compressed air are effected through boiler-shaped horizontal air 
locks (Fig. 6/144). 

Sometimes this working area is divided into two compartments because excava¬ 
tion work and dewatering at the face demand much higher stabilization than do 
placing and caulking of the lining segments. This idea was realized at the construc¬ 
tion of the Spree tunnel, Berlin (Fig. 6/145) where in the front compartment 
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Fig. 6/145. Double-stage compressed-air working chamber 


a pressure p H equal to the full hydrostatic head H was maintained, whereas in 
the following propulsion and tail section of the shield as well as in the adjoining 
not fully completed (ungrouted or uncaulked) tunnel section a reduced pressure 
of 1/2 p H to 2/3 p H only had to be maintained. This was done with due consider¬ 
ation of the fact that in the section already supported either by the shield skin 
or by the erected lining rings the essentially reduced infiltration of water cannot 
possibly wash soil particles through the not fully caulked interlocks of the lining 
segments and involves cave-ins. On the other hand, work under the reduced air 
pressure is more efficient, less injurious to health and, in addition, assures a gradual 
transition to the open air for the gangs. 

Naturally, this section of reduced air-pressures has to be separated with a bulk¬ 
head wall from the completed section, and communication and transport opera¬ 
tions through it must be effected through horizontal air locks. This divided pressure 
space has not met with a favourable reception in practice and is very rarely resorted 
to, chiefly because of the double time loss due to waiting before the air locks. 

The greatest problem of pneumatic dewatering in tunnel construction, in addi¬ 
tion to the costs already mentioned and reduced rate of progress, is the danger 
of a ‘blow-out’. It must be considered that in contrast to pneumatic caisson sink¬ 
ing, where the escape of the compressed air from the working chamber can take 
place only beneath the horizontal cutting edge where it has to overcome the 
maximum water head and the friction resistance of overlying earth masses every¬ 
where equally, the pneumatic working chamber of a shield tunnel is a horizontal 
cylinder, where the uniform air pressure is resisted by a smaller water head and 
earth friction resistance at the top than at the bottom, the difference ( m ) being 
in proportion with the external shield diameter. For the complete exclusion of 
water the air pressure p H in the cylindrical working chamber must be adjusted 
to the full external water head related to the bottom level ( H ). Consequently, an 





7-74 


CONSTRUCTION AND DESIGN OF TUNNELS 



Fig. 6/146. Pressure conditions in a tunnel driven under compressed air 


uplift pressure m (= D) will be acting which will be counteracted by the resistance 
against air,seepage of the soil layers lying between the shield top and external 
water level (Fig. 6/146). Should this measure not be sufficient either because of 
its insufficient thickness (r) or of its insufficient air-insulating capacity then com¬ 
pressed air will'catastrophically burst out owing to the excessive pressure from 
the front working chamber (cf. Tunnel under the Elbe at Hamburg, Fig. 2/26). 
The escape of the air will be followed by a sudden drop in the pressure within 
the working chamber and when below the value of p H it will no longer be able to 
keep the outside water pressure in balance, with the result that water will rush in 
catastrophically across the face, washing all the soil into the working chamber. 
As shown above (Fig. 6/146) the bigger the shield diameter, the greater is the blow¬ 
out hazard. Therefore, it is always essential to check the thickness and specific 
air-sealing capacity carefully, i.e. its resistance to the exfiltration of compressed 
air through the covering layers above the top of the tunnel. The rate of expectable 
escape must, in any case, be comparable with the supply capacity of compressed 
air and if an ample safety margin cannot be assured, either an artificial increase 
of the air insulating capacity of the cover (e.g. by covering the river bed with 
a clay blanket or raising the air-tightness of the original cover by various grouting 
processes) must be provided, or the idea of shield tunnelling must be abandoned 
and other tunnelling methods (e.g. caisson sinking, cf. Section 6.31) be resorted to. 

An example of this may be found in the construction of the Queens-Midtown Tunnel under 
the East River, New York, where a natural cover of 3 - l m (10 ft) thickness only was available 
above a 9 6 m (32 ft) dia tunnel. Considering that the submerged specific density of the air-tight 
soil was 0'7 t/m 3 (48 lb/ft 3 ) only, the unbalanced pressure amounted to 9 6-3T x0'77 = 7'2 
t/m 3 (450 lb/ft 3 ), thus necessitating an additional cover from a soil material of 0'9 t/m 3 with 
a submerged specific density of -/ = 0 9 t/m 3 (68 lb/ft 3 ), t = 7-2/0 9 = 8 0 m (27 ft). 
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A successful example of the artificial increase of water-tightness and air-tightness 
of the shallow and permeable cover was demonstrated in the construction of the 
recently opened Dartford-Purfleet tunnel 8 ' 364 under the river Thames (Fig. 6/147a). 
As shown in the figure, construction of the 8’ 50 m (28 ft 2 in) dia shield-driven 
tunnel was started with a circular pilot tunnel of 3-60 m (12 ft) dia designed in 
addition to soil exploration, for preliminary artificial solidification of the surround¬ 



ing river ballast and fissured limestone layers. This was effected by cement grouting 
pressed in through radially arranged injection tubes filling the larger voids of the 
Thames gravel directly overlying the weathered upper zone of the chalk to a 
thickness of 5-15 ft. This was followed by a special clay-chemical grouting system 

6 3«a Orosciia, H.: Bau des neunen Themse-Kraftfahrtunnels, Bauingenieur 1960 2 and 
River Gravel Solidified for British Tunnel. Eng. News. Rea. 1957 Mov. 14; Kell, J.: The Dart- 
ford Tunnel, ceourn, Inst. Civ. Eng. 1963 March 
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‘Soletanche’ carried out. from ground level (or from staging) 

through a series of vertical holes spaced at 3 m (10 ft) intervals 

over the area to be treated. Points at which the tunnel had to W *— 

penetrate open gravel with its upper face were the main objective 

of this grouting for here the risk of excessive loss of compressed / 

air during tunnelling was the greatest, with the consequent dan- J/ 

ger of ‘blows’ and difficulties in maintaining sufficient working Villi ' 

pressure. Where gravel occurred at these levels it was grouted to p 

a distance of 6 m (20 ft) on each side of the tunnel, and up to a -=!> 

level where this layer started over a minimum cover of 1-50 m (5 

ft) of chalk. This width of cover was considered adequate to Sheet ^ 

afford protection against failure. siee/ 

First, a cased bore hole 76 mm (3 in) or more in diameter was rr- 

sunk to the bottom of the gravel. Inside this a special sleeve injec- y 

tion tube (see detail of Fig. 6/147a) was placed consisting of a 38 j 
mm (1 1/2 in) dia tube (c) with groups of radial perforations 
arranged at intervals of about 300 mm (12 in); each perforated 0 s 

section was covered by a' flexible rubber sleeve that fitted closely " 1 

around the tube. 

When the sleeved tube- was inserted the outer casing tube was 
withdrawn and the sleeved tube simultaneously filled with the spe¬ 
cial grout. This did not penetrate the ground but formed a water¬ 
tight plastic seal around it. Then a smaller 25 mm (1 in) dia tube 
connected by a flexible hose to the grout pump was inserted into 
the sleeved tube, with its bottom end closed but provided in its 
lower portion with a short perforated section. Above and below 
this are expanding stoppers ( e ) which form a tight seal against 
the inner surface of the sleeved tube. By raising or lowering the Fig. 6/l4b Api 
inner grouting tube its perforated end could be brought into 
coincidence with the sleeved perforations of the outer tube. When grouting fluid 
was pumped into the inner tube it emerged into the space between the isolating 
stoppers, lifted the rubber sleeves and, rupturing the sheath of the special filling 
surrounding the outer tube, flowed into the ground, filling the voids and fissures. 
Injections started normally at the bottom of the gravel and proceeded upwards. 
In the given case the original permeability coefficient k varying between 0T m/sec 
ind 0-3 m/sec was reduced to 0-1-0-5 x 10~ 6 m/sec. 

Once the sleeved tubes had been installed in the ground, grouts of different 
characteristics could be repeatedly applied at any interval of time without the 
expense of reboring. A further advantage is that separate injections can. be made 
it short vertical intervals. The grout travels radially outwards from the injection 
ube at the chosen level which makes selective applications possible suited to 
variations in the bedding. 
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Fig. 6/ 14b Application 



A similar successful method of making airtight was obtained by the Soletanche 
ioil-solidification method in the construction of the new Express Line of the 
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r- consolidation in the extension works of the London Underground 


Paris Metro. This double-track tunnel was driven with a 10 m (33 ft) diameter 
shield through various alluvial layers. Unfortunately, when nearing the Seine 
valley some waterlogged loose permeable layers had to be pierced and the depth 
of cover gradually diminished. Owing to the big shield diameter a very considerable 
pressure ( m ) developed at the top (see Fig. 6/146), considerably augmenting the 
escape of air upwards. To eliminate the blow-out hazard and uneconomically 
high loss in compressed air, bentonite grouting was applied in the cover, which 
became soaked and clogged to such a degree that work could proceed with suf¬ 
ficient safety and with a much reduced loss of compressed air. 

Chemical soil-stabilization (the Joosten process) has been repeatedly and suc¬ 
cessfully applied in the construction of the more recent lines of the London Under¬ 
ground, 6381 ’ where driving tunnel shields under compressed air was rendered 


C-36b 


Improving London’s Transport, Railway Gazette 1946 May 21—23 
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possible under a few metres of cover consisting of very permeable layers of sand 
and gravel. In other instances, when the tunnel had to be driven at a shallow 
depth under existing buildings, their undue subsidence was prevented by prior 
thorough silicatization (Figs 6/147b and c). 

The silicatization process was applied not only to prevent the escape of com¬ 
pressed air, but primarily for the stabilization of the face, particularly that of the 
arch section (cf. Section 63.221). Continuous stabilization of the face is somewhat 
cumbersome and appreciably retards the rate of progress, therefore the stabili¬ 
zation of the roof is more advantageous. This can be accomplished either from 
an advanced exploration drift, or where there is inadequate depth of cover directly 
from the ground surface. Some examples of the latter procedure undertaken 
during the extension of the London Underground are shown in Fig. 6/147b, 
whereas Fig. 6/147c presents an example when the driving of a 3-60 m (12 ft) dia 
tunnel could not be attempted directly even with the shield method because of 
the small bearing capacity and looseness of the overlying cover. Therefore, a pilot 
tunnel of 2-10 m (7 ft) internal diameter was driven with grout holes arranged 
radially in its liner plates. Chemical grout was pressed through the holes to such 
a distance that a solidified cover of 60-90 cm (2-3 ft) was obtained above the 
crown of the tunnel to be subsequently driven. In addition, chemical consolidation 
was also effected from the ground surface under the foundations of heavier build¬ 
ings to act as a curtain wall and establish a connection with the solidified layer 
underneath. The extent of the solidification varies according to the level of the 
underlying clay layer and the elevation of the tunnel crown relative to it (see 
cross-sections in Fig. 6/147c). 

Should either the establishment of an additional upper airtight cover or the 
artificial sealing of the pervious layers not be feasible, the inner air pressure must 
be reduced so that it balances the hydraulic head relative to the top, the axis or, 








SHIELD TUNNELLING 


779 


occasionally, the lower third of the shield only. This latter solution is frequently 
employed and, in order to reduce the blow-out hazard, water infiltrating into the 
bottom section of the tunnel is given due attention. The action of an unbalanced 
water head is sometimes utilized, e.g. in shields with a bulkheaded face, for increas¬ 
ing the rate of flow of the outside material through the inlet openings into the 
shield. 

The resistance offered by the soil against the escape of air is also shown by the 
fact that for the dewatering of the working area (chamber) it is not necessary to 
provide an air pressure corresponding to the full hydrostatic head. This can be 
accounted for by the fact that part of the static head is transformed to seepage 
pressure subject to friction losses similar to the friction losses encountered in 
the escape of the air. In this way, effective water pressure - as manifested in the 
working chamber - will be less than the theoretical hydrostatic head. According 
to an American practical rule about 0-227/0-3 = 0-76 i.e. 76% of the theoretical 
value is generally needed. The actual value depends on the nature of the ground 
and the depth of cover. 

Under exceptional circumstances it may also happen that hydrostatic pressure 
values greater than the theoretical head have to be balanced. For example, this 
is so when an impervious dome-like and airtight clay blanket overlies the water¬ 
bearing strata. Air escaping from the working area through the face is trapped 
under the blanket bringing about an increase in the pressure on the water surface 
(cf. the superposition of grout pressures under similar geological formations; 
Fig. 6/118). 

Naturally, the length of the sections under compressed air are to be shortened 
whenever possible to reduce the compressed air demand as well as to extend 
undisturbed working conditions over the greatest possible length. Its minimum 
length, however, is determined by the back-space grouting and caulking operations 
and by their setting time. During this latter period all preliminary work for the 
rapid installation of the next bulkhead wall with the portable air locks is to be 
done, so that after the elapse of the hardening period the section length of the 
working area under compressed air is bordered by this new diaphragm and the 
previous wall can be removed. 

Compressed air is not only the most efficient means of dewatering in treacherous 
soils, but it may offer considerable support for the ground and may also improve 
its strength properties. This latter is manifested by the action of compressed air 
in expelling water from the voids of various soils, in this way reducing their water 
content. As is well known, this is accompanied by an increase in their shear 
strength. The degree and performance of the ground-supporting action of com¬ 
pressed air are manifested in various ways according to the nature of the ground. 
(In general, the more airtight the ground the more effective this support.) Accord¬ 
ing to Richardson and Mayo this effect is the greatest in clay which is both air- 
and watertight and, therefore, pressure supports the ground to such a degree 
that very little and sometimes no support of the face is required; unbalanced 
pressures on the face whether high or low rarely make any difference. Even in 
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tunnels driven by mining methods very little or no timbering is necessary This 
support offered by compressed air will usually extend well over the bridgfe action 
period (Section 3.51) up to the installation of the permanent lining. 

Assuming a tunnel through solid clay (with a specific density of 1-77 t/m 3 = 110 
b/ft) under a cover of 9 m (30 ft) at the crown, then the maximum geostatic 
load will be 16-1 t/m- (3300 lb/ft 2 ). Thus, an air pressure of 1-61 atm (23 lb/in 2 ) 
will theoretically, support the clay. Owing to the natural arching of the ground 
(bridge action period), in practice about 1/3 to 1/2 of this pressure is sufficient 
with minimum surface subsidence if the installation of the permanent lining is 
accomplished within 24 hours. 


Silt or liquid mud when first encountered and exposed to compressed air looks 
and acts like clay. It will stand on a vertical face and the roof will be self-supporting 
while being trimmed and liner plates or other temporary supports are placed. 
However, silt is a pervious soil. Any unbalanced air pressure at the crown drives 
water back to the soil, drying the silt until it cracks and finally spalls off At the 
same time a deficiency of pressure at the bottom allows water to percolate through 
the ground. In large diameter tunnels, where considerable differences are encount¬ 
ered between the external top and bottom pressures, the lower part of the face 
may resume its saturated mudlike consistency and start to flow. Owing to the 
variability of pressure and soil conditions, constant careful control is desirable 
and the actual pressure must be adjusted to the place and nature of the work in 
hand. A low pressure will be used while the arch is being lined, but when the liner 
plates are set here and the upper part of the face bulkheaded and well mudded 
to prevent the escape of air, the pressure may be increased to dry up the silt in 

Surface of'-support the bench and invert. This higher pressure will 

be maintained until the invert is excavated and 
lined. 

Water-bearing sand or quicksand is entirely 
pervious and therefore the air will not act on 
the surface as in clay, but will penetrate a 
certain distance into the sand until a point of 
equilibrium is reached where it forms the surface 
of support somewhat in the shape of Fig. 6/148. 
(Provided that the sand layer is of ample 
thickness and of relatively small permeability!) 
The bulk of the ground beneath or inside the 



Fig. 6/148. Drying effect 

of compressed air 
in front of the 
shield face 


air-supported material is then, theoretically, all 
that has to be held by the temporary liner 
plates. At the invert, the deficiency of air pressure 
will allow a flow of quicksand into the tunnel. 


Therefore, the lower part of the face must be 
tightly breasted and caulked to prevent sand running into the tunnel. The 
installation of well points in the invert section may be a very helpful asset 
to counteract this tendency, and could render any undesirable increase in air 
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pressure superfluous. (Generally speaking the employment of horizontal well 
points is also important in the stabilization of the whole face.) The apparent 
cohesion which is characteristic of most fine sands also assists the face to stand 
vertically for a certain period which can be prolonged by driving horizontal steel 
rods or tubes as ‘face-bolts’ ahead into the undisturbed zone. Through the com¬ 
bination of these agents it may be possible with smaller diameter tunnels for the 
face and top section'to become self-supporting until crown plates are placed. 

Coarse-grained granular sands without any cohesion are just as bad as quick¬ 
sands and are similar in behaviour to gravel or ballast, constituting the worst 
ground for tunnelling. Because such ground offers practically no resistance to the 
escape of the air, it is very difficult to maintain any unbalanced pressure at the 
crown and to establish suitable working conditions at the face. All that can be 
done is to apply ample clay-mud sealing in addition to tight breasting which 
makes the work very cumbersome and the progress very slow, besides involving 
the blow-out hazard with any undue increase of air pressure above that balanced 
by the water head. At any rate, it is advisable always to attack only a small area 
at any one time. 

The best way to conserve compressed air in porous ground is to keep the concrete 
lining close to the heading (i.e. to the shield) and to ‘mud’ the joints of the liner 
plates. The actual volume of air required in a tunnel to maintain the desired 
pressure depends entirely on the porosity of the soil and on the number of passages 
through the lock. For informative use the following rule of thumb has been devel¬ 
oped in tunnelling practice. About 5-7 m 3 (20 ft 3 ) of free air per minute is to be 
calculated for every m 2 of the face area, when estimating the probable number 
and size of compressors. 

The question of compressed air demand and cover depth has recently been 
dealt with theoretically by Schenck: and Wagner. 8 - 37 

In their study they give a correlation for the determination of the time delay (T), 
necessary for drying out a soil stratum of thickness H under the action of com¬ 
pressed air pressure Pj 


T = 


1 H 2 

2 fc Pl ’ 


(6.19a) 


and when the initial resistance of capillary water is also considered 


T 


L 7/2 

2 k' ( Pl - h k ) ’ 


(6.19b) 


where h k = the capillary raise 

k' = the actual seepage velocity. 


6 3 'Schenck, W. and Wagner, H.: Luftverbrauch u. Uberdeckung beim Tunnelvortrieb 
mit Druckluft. Bautechnik 1963 2 
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Then they discuss the question of a protective cover on the river bed necessary 
to anticipate blow-out hazards. They discriminate between an impervious and 
a pervious blanket which might also secure temporary safety when the rate of 
driving progress is greater than that of the formation of the air-percolation cone 
(Fig. 6/149a). The required dimensions of such a blanket, as indicated in the figure 
are 6 D in width and 1 m thickness, at least. The application of an impervious 
blanket is more effective (Fig. 6/149b), because the escape of air will be possible 
in this case only beyond the blanket and in this way the percolation distance is 
lengthened and the velocity reduced. The minimum dimensions may be given for 
a top soil of 1-5 t/m 3 (100 lb/ft 3 ) dry density, as a thickness of D/2 (or after Hewett 
and Johannesson at least 3-0 m = 10 ft) over a width of 6D. 

The compressed-air demand is given in first approximation by the equation 


Q = 70 kiF, 


where i = the hydraulic gradient 
F = the area of face. 


With somewhat more exact assumptions it is given as 

Q- W k ' A + ft F D ~^k /■ 3 

y. L 2 p 1 D 

where 

Pi ~ Pi 


2 Pi L 
the hydraulic gradient 


(m 3 /sec) 


(6.19c) 
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Pi + Pi _ the mean ca piiiary pressure 

2 

k h 70A: J = the coefficient of permeability for the air 
to = a correction factor. 

Finally, the minimum cover depth against upheaval is given as H~2l D. No 
mention is made, however, about the determination of the depth of cover necessary 
to prevent the escape of compressed air. Some approximate conclusions about 
this can be drawn from Eq. 6.19. Namely, should the air-percolation time T 
exceed the time period necessary to drive the tunnel over the safe length of 6 D 
then the danger of a blow-out is most unlikely to occur. 

6.33. SPECIAL UNDERGROUND STRUCTURES AND RAILWAY STATIONS 

The underground structures discussed in this chapter are mainly built in con¬ 
junction with underground railways though they can also serve for other purposes 
(access shafts, underground stores, workshops, machine halls, etc.). 



Fig. 6/150. Layout of underground structures necessary to start shield tunnelling 
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installed. This deck will be removed (e). The latter method has the advantage that 
the working chamber allows a safe break out and construction of the eventual 
connecting adits (see also Fig. 6/157). On the other hand, a disadvantage of this 
method is that when shaft sinking comes to an end before reaching the required 
depth, construction must be continued and completed by successive underpinning 
(see Fig. 6/151b), which means that the level of the airtight deck remains constant 
and thus the volume of the working chamber and the compressed-air supply 
required will steadily increase as excavation work progresses. 

(e) Finally, if the shaft is to be sunk through waterlogged soils to great depths 
preference is to be given to the artificial freezing method, where watertight shaft 
walls can be built in a continuous course within this enclosure (Fig. 6/15If). 

In plan the shaft is to be designed generally with a circular shape in spite of 
the fact that this offers less advantageous utilization of space than the rectangular 
one. However, this is outweighed by far by the considerable advantages offered 
in the reduction of external pressures due to arching effects in a horizontal plane. 6 315 
Around a circular shaft much more efficient arching will develop in the ground 
masses sliding towards the shaft when it is being sunk than around a rectangular 
shaft. This arching effect besides promoting the self-supporting capacity of the 
soil, so enabling it to stand with vertical walls during underpinning operations, 
also reduces friction resistance, thus facilitating a more ready sinking. As access 
shafts generally must attain such depths that their sinking presents the greatest 
construction difficulty both advantages are in favour of a circular shape. In those 
cases, however, when the shaft deepening is done not by sinking but by the method 
of successive deepening under the protection of strutting frames as shown in 
Fig. 6/151a, the circular shaft is no longer a requirement. Moreover, timber frames 
can be installed more readily with a rectangular shape. 

The material and construction of the shaft wall depend not only on its intended 
purpose but mainly on the method of sinking. In the cases mentioned under 
(a), (b) and (f) concrete or brick masonry made of high-quality bricks coated 
with a suitable waterproofing can be used, in which case the water sealing, struc¬ 
tural and frost-resisting capacity of the walls and the invert is adequately secured. 
In case (c) precast-concrete, reinforced-concrete or, exceptionally, cast-iron lining 
segments or rammed concrete cast in situ is used, while in cases (d), (e') and (e) 
the shaft lining should be made of reinforced concrete. Details of the shaft walls 
and inverts can be seen also in Fig. 6/151a-f. 

When a shaft has to be sunk in loose and waterlogged soils, where direct exca¬ 
vation and accurate undercutting with direct pumping is not feasible, it often 
occurs that in spite of the artificial reduction of the frictional resistances on the 
sides (cf. Fig. 6/155) the shaft cannot be sunk to the prescribed depth. In stlch 
a case an airtight roof has to be installed at the bottom of the shaft to allow for 
the formation of a working chamber above the cutting edge. Additional sinking 


e 3 " Szechy, K.: Foundation failures. Concrete Publications Ltd. London 1961 101 


50 Szechy: The Art of Tunnelling 
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may then be secured under compressed air, by an exact undercutting of the cutting 
edge in the dry and by placing a surcharge on the airtight deck. As shaft sinking 
usually involves an undesirable surface subsidence due to the development of 
a depression cone, the application of the compressed-air method also offers 
advantages in this respect by preventing the entrance of water and soil under the 
cutting edges into the working chamber and thus reducing the possibility of 
loosening in the surroundings. As it cannot be foreseen with safety at the beginning 
of sinking operations whether the application of the compressed-air method will 
be required or not, in practice, shafts are designed, when providing for any later 
attachmept, e.g. precast roofs, in the form of an inverted cone 6 39 (cf. the dotted 
line in Fig. 6/15 le). 

The forces acting against the shaft walls are, in general, those due to external 
earth and ground-water pressures, beside which, if compressed-air sinking is 
applied, internal forces may act due to a possible external surcharge of the working 
chamber deck by water or piled up soil, or by both (Fig. 6/152). While the water 



Fig. 6/152. Loads acting upon shaft skin and workin 
chamber deck 

6 39 Cf. Szf.chy, K.: A pneumatikus alapozasrol (Pneumatic foundations). VlzUgvi Kiizl 
1936 July—Sept. 38—42 
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pressure can be determined definitely if the hydrostatic head is known, the deter¬ 
mination of both earth pressure and the vertical tensile stresses induced by friction 
is, even nowadays, more or less uncertain. 

The use of water for internal surcharge, though very convenient as regards 
filling and removal, results in considerable internal loadings with greater filling 
heights unless offset by external ground-water pressure and, in addition, is very 
sensitive to any inequality in vertical sinking. 

On the other hand, if the internal loading is attained by dumped soil, the normal 
pressure acting on the inside of both the shaft walls and the roof of the working 
chamber will be relatively low, as the greater part of its weight will be transferred 
only by friction like the pressures developing in silos. The horizontal pressure 
can be calculated from the formula 


Pbx 


fy 

U tan <5 


KUz , 



(6.20a) 


while the vertical pressure, also acting at the depth z, from 


Pbz = 



+ 



(6.20b) 


where F = the cross-sectional area of the shaft 
U = the circumference of the shaft 
y = the dry density of the soil 

K = the coefficient of earth pressure which is equal to tan 2 (45° — </>/2) x 
xtan 8 and 8 s <f>/2. 

The internal earth pressure acts on a horizontal ring as uniformly distributed, 
thus, inducing thrust only in the walls of a circular shaft, being not decisive upon 
the dimensions of the wall thickness. On the other hand, the vertical pressure 
acting on the roof of the working chamber must be considered as a standard load. 

The external pressure - though its determination is more complicated - is of 
about the same importance as the internal pressure for the structural dimensioning 
of the shaft walls. This pressure can be considered also as uniformly distributed 
along the perimeter of the shaft, thus inducing no bending stresses but exclusively 
normal stresses in its masonry walls. These normal stresses can, of course, be 
safely dealt with by the masonry walls which are usually made of materials of 
high crushing strength, even when built with the minimum wall thickness to reduce 
the weight. The problem of their determination has an influence upon both the 
structural calculation of the deep mining shaft and of the preliminary estimation 
of sinking resistance, as these depend upon the magnitude of the normal pressures 
acting on the shaft walls from outside and their determination is a precondition 
for setting up a reliable sinking programme. 


50* 
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According to the classic earth-pressure theory of Coulomb, earth pressure 
increases linearly with depth. At the beginning of this century it was already 
realized, however, that this has no general validity. The relative displacement of 
earth masses has a great influence upon earth pressure and where displacement 
produces arching action in the soil mass this will lead to changes in pressure 
distribution, too. This is responsible for the fact that in the mining industry very 
deep shafts, exceeding several hundred metres, can be safely constructed with 
masonry walls of relatively small thickness. The fundamental tests carried out 
by Terzaghi have shed the first light upon this problem, indicating that earth 
pressure depends also on the displacement and deformation of the supporting 
wall. Terzaghi, when calculating the active earth pressure acting on the shaft 
walls, considered that the shearing resistance developed on the vertical mantle 
surface of a co-moving concentric earth cylinder reduces the displacements required 
for the mobilization of active earth pressure. The radius of this earth cylinder 
depends upon the ratio between this shearing stress and the radial pressure. 

According to Terzaghi, the minimum external radial earth pressure 6 ' 40 is 


where 


m n = 


ar o = y r a m o » 

z A P +1 X p — (). p — 2) n\ 


(6.21 


2 /„ 


X p + H^ + 1 


and n x r ti = r, denotes the critical radius of the earth cylinder, on the mantle of 

if z = 0, 


which the pressure-reducing shearing stresses are acting | / 7 X = 
then «i = 1 


4-2 


m n - 


and 


Vo 


= 0, 


when z = oo, n l = 


^ and 


( 6 . 22 ) 


(<(> 2 can be taken as equal to <j> — 5°). 

Karafiath 6 41 made the assumption that when an elementary earth segment in 
the course of shaft sinking has a tendency to slide on to the shaft wall and exerts 
a pressure there, this tendency will be counteracted by the lateral earth pressure P 
exerted by the earth masses adjacent on both sides (Fig. 6/153a). The resultant 
of these lateral pressures, the force H will be directed outwards opposite to the 


s ' 40 Terzaghi, k.: Theoretical Soil Mechanics. Chapman and Hall — John Wiley 1948 
208-211 

611 Karafiath, L.: On Some Problems of Earth-pressure, Acta Technica 1953 7 3 — 4 
328-357 
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earth pressure. Thus in the vector diagram (c) the resultant forces due to the self¬ 
weight of the sliding earth mass (G) and the friction resistance (Q) acting on the 
plane sliding surface are counterbalanced by the earth pressure (E) minus the 
vector H (Fig. 6/153b). 

The remaining frictional forces exerted by the adjacent lateral wedges as assumed 
by Karafiath will be proportional to the earth pressure at rest originally prevailing 
in the earth mass. (His force diagram, however, docs not satisfy the equilibrium 
condition of moments.) With these approximations he eventually derives that 
m 2 y 

E=z K o~ 2 ~ > 8 ivin g tabulated values for K 0 for various ‘silo factors’ m/r and 

coefficients of natural earth pressure (£); the respective values for K 0 are calculated 
from the minimum condition of the sliding surface angle. (Experience, however 
does not support Karafiath’s values!) 



Fig. 6/153. Assumption of external loads acting on shaft wall (after Karafiath) 
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Steinfeld 8 42 assumed arching effect in a similar way as Karafiath, giving in 
addition an equation in closed form after double integration for the angle a^of 
the developing critical sliding surface or rather that of the truncated cone surface, 
when arching (or ring) effect is also taken into account (Fig. 6/154a), as follows: 




Fig. 6/154. External loads acting upon shaft wall (after Steinfeld) 


tan 3 a |/l, — tan </» — 3 J + tan 2 a |22j — + 6 tan <f> — 2 — 

+ tan a (3 — tan 0 + 3 + ——~ —| + 2 — = 0. (6.23) 

\ r tan <p r ) r 

The greatest pressure will act at the bottom of the shaft (at depth m), its appro- 

, ■ tan (a — </>) . . . , n r 

ximate value being e = y m -, in which formula the value for a must 

tana 

be calculated from the above equation of the third degree. In this equation X s 
denotes the earth pressure coefficient of the lateral earth masses which, owing 
to their friction, reduce the active earth pressure (thus having the same role as 
the coefficient of Karafiath) and having - according to Steinfeld - a considerable 

6-42 Steinfeld, K-. : Uber den Erddruck auf Schacht und Brunnenwandungen, Vortrage der 
Baugrundtagung , Hamburg 1958, 3 126 Ernst u. Sohn, 1959 
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influence on the pressure acting on the wall (the greater its assumed value the lower 
the pressure acting against the shaft). Steinfeld suggests plotting the pressure 
diagram as an envelope of these maximum pressures calculated for the shaft 
bottom. The bottom line of the shaft can be considered as a boundary beneath 
which the pressures acting against the shaft should be calculated by the following 
formula: 


e = 


y 

tana 


m 

■—z + ztan a — 
r 



tan (a — </>) 
tana 



(6.24) 


But, in practice, it is sufficient to consider the earth pressure beneath this 
boundary line as constant. 

The lateral pressure coefficient depends - according to Steinfeld - also upon 
both the rigid yielding of the shaft wall and the compactness of the soil, inasmuch 
as with unyielding walls and loose soils its value will below (0-5 < X s < 0-7), 
while with yielding walls and compact soils it will have a higher value (/L, s 1). 
According to both Karafiath and Steinfeld, the angle of the sliding surface (a) 
increases with depth- (This has been confirmed also by the theoretical and research 
results of M. Horn 6 ' 43 obtained for pressures acting upon closed tunnel 
faces.) 

Steinfeld compared the values obtained by his formula with various lateral 
pressure coefficients (from a s = 1 to ?. s = 0-6) by a numerical example with those 
calculated with the formulae of Coulomb and Terzaghi and also with the actual 
values observed by Lohmeyer and Schoklitsch which correspond with those ob¬ 
tained by Coulomb’s formula up to a depth of 10-14 m below which they are con¬ 
stant (Fig. 6/154b). 

The specific pressure acting against a masonry shaft ring with a unit height of 
1 metre can be taken as p — e + w, where the value for e is to be calculated, 
of course, in consideration of both the uplift and the submerged soil density, 
w being the hydrostatic head. It can be written that 


pr 

pr = ov, v = — 

<T 


(6.25) 


where r = the radius relative to the centre line of the shaft wall 
v = the thickness of the shaft wall. 


Transverse dimensioning of rectangular shafts must be carried out for the same 
effects, but the sections must be dealt with as closed frames. 

The sinking of a shaft to a greater depth is impeded by the frictional resistance 
acting on the sides of the shaft due to the external earth pressure. Both this resis¬ 
tance and the external pressure can be considerably reduced if a mantle of thixo- 


6 43 Horn, M.: Alagutak tengelyiranyaba hato vizszintes homloknyomas (On the horizontal 
axial pressure acting on tunnel faces). Scientific thesis for the Master’s Degree 
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tropic fluid (bentonite with barite suspension) is poured between the shaft wall 
and the surrounding soil. This thixotropic fluid exerts a counterpressure opposed 
to both earth and water pressure, keeps the soil away from the wall and at the 
same time suppresses the formation of a subsidence cone. Moreover, as the coef¬ 
ficient of friction between the wall and the soil is considerably reduced, the sinking 
resistance is decreased correspondingly. Likewise, the pressure diagram will be 
more favourable (see Fig. 6/155, showing one of the shafts built for the 
underground railway in Budapest. The horizontal steps shown in the diagram 
are due to changes in the physical properties of the soil layers encountered). 
The thixotropic fluid is continually poured into the annular void formed around 
the circumference'during shaft sinking, produced by a 10 cm wide outside pro¬ 
jection at the bottom section of the shaft wall. 6 - 44 

614 Cf. Balogh, J.: Aknak siillyesztese tixotropos anyagok segitsegevel (Shaft sinking 
with the use of thixotropic fluids). Melyep. Tud. Szemle 1954 May 

Lorenz H.: Senkkastengriindung mit Reibungsverminderung durch thixotrope Fliissig- 
keiten. Bautechnik 1957 250 
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The shaft wall must be dimensioned against axial stresses for tension and bend¬ 
ing, encountered during the course of uneven or sudden sinking. According to 
the author, the most unfavourable tensile stresses will be induced when the fric- 
fional forces acting on the upper x metre high section of the shaft’s mantle is 
exactly equal to its dead weight, that is, is sufficient to suspend the shaft. The 
most unfavourable situation may, thus, arise at the last stage of sinking (Fig. 
6/156a), the frictional force being in this case as follows: 

S=Uy tan 2 (45° - 0/2) ^ tan <5. 

While the weight of the total wall section will be 


G' = F 0 hyb, 



Fig. 6/156. Approximate 
computation of 
vertical loads from 
friction resistance and 
of bending moments 
from torsion (Szechy) 
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from which 

Uy tan 2 (45° - 0/2) tan 8 = F 0 hy b , 

i.e. 

Uy tan 2 (45° - 0/2) tan 5 - F 0 hy b = 0. (6.26) 

Based upon observations and measurements obtained with shafts of the under¬ 
ground railway in Budapest, Horn and Kovacs 6 45 arrived at the conclusion that 
the highest tensile force occurs during a sudden sinking and not in the static state, 
but as a condition of the sinking movement, its value amounting to 


g-a 


H=Y J S C -[IG Z + G f \ 

o 9 

where a = the acceleration of sinking, being equal to 


(6.27) 


AG 


AG = IG — IS C (the resultant of the friction forces acting against the shaft 
lining) 

£ S c = [E a tan 0 + hc\ U and 


E = 


h 2 y 


tan 2 (45° — 0/2) — 2ch tan (45° — 0/2). 


From this relationship the greatest value of the tensile force can be obtained 
from the scheduled sinking programme. That the value thus obtained is smaller 
than those obtained previously may be partly due to the consideration of cohesion 
here. 

Also, the bending stresses due to shaft-tilting during the sinking process can 
be calculated again if certain approximative assumptions are made. If tan a = 1/n 
is assumed to be a measure of shaft-tilting, the maximum value of the horizontal 
component deriving from the overall weight G of the shaft wall will occur at its 
state of suspension (no reaction force acting on the cutting edge) and will have 
the value H = G/n. Considering this force to be linearly distributed on the shaft 
mantle proportionally to its displacement (Fig. 6/156b), the moment M = 2/3 Hh = 
= 2/3G/i tan a has to be considered and the wall thickness and the axial rein¬ 
forcement have to be calculated accordingly. 

The wall thickness ( v ) obtained from the forces mentioned above is generally 
increased in practical design considerations, the chosen wall thickness in practice 

being equal to about 1/12 of the shaft diameter 

6 45 Horn, M. and Kovacs, G.: Sullyesztendo miitargyak kopenyfalan fellepo huzoerok 
tij szamitasi modja (A novel calculation method of tensile forces produced in shaft wall in the 
course of sinking), Melyep. Tud:■ Szemle 1954 May 
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Inclined shafts, though commonly employed in the mining industry are seldom 
built in conjunction with tunnelling work. The special sinking or underpinning 
methods are unsuitable for the construction of inclined shafts which are driven 
exclusively by the same methods as tunnels; i.e. either by the full-face method, 
by classical mining methods or by shield driving, depending upon the nature of 
the ground. With small inclinations the lining of an inclined shaft can be built 
with vertical masonry rings, stepped at the joints. In inclined access shafts special 
hoisting and safety equipment (car brakes, catches, cable sheaves, hoists, etc.) 
must be provided, owing to the increased hazard of the running away of muck 
cars. If shield driving is used, the inclined shaft is driven, in practice, from its 
highest level downwards, as in this case its face will be self-supporting when 
excavated at the natural angle of inner friction of the ground. If the mechanical 
properties of the soil permit, inclined shield driving must be replaced, if possible, 
by the full-face tunnelling method, the lining elements being placed by using 
a special oblique erector arm. If the lining elements can be directly supported 
from the precisely trimmed earth face, they are often placed in an opposite 
sequence to the usual order (from bottom to top). 

Shield driving is most frequently used in the construction of the inclined shafts 
for escalators. In the upper, waterlogged loose or soft soils the ground water is 
kept at bay either by compressed air or by applying the freezing method with an 
oblique frost mantle as first used in the construction of the underground railway 
in Moscow. 6 ' 46 In such cases the freezing wells, which are of a considerable length 
and have an inclination of about 30°, must be drilled with the utmost care and 
accuracy. A section of a completed escalator shaft is shown in Fig. 6/168. 

63.32. Connecting Drifts (Ventilation Ducts) 

There is no difference between the design of connecting drifts and other circular 
cross-section tunnels, but as connections are relatively short, the use of shield 
driving would be uneconomical, so they are driven either by classical mining 
methods or by employing full-face attacks, movable steel supports and roof bolting. 
The driving scheme of a ventilation tunnel driven by the core-leaving (German) 
method is shown in Fig. 6/58. 

The most delicate structural parts of these connections are the out-breaks from 
the shaft and the crossing and junction to the tunnel (Fig. 6/157). In the shaft 
walls the area of out-break is lined previously with bricks or lean concrete, or 
blocked by a temporary steel door to facilitate its opening and the load-trans¬ 
mitting arches or beams above the future opening are also built-in previously. 
The dimensioning of a spatial vault or of a break-through is a highly compli¬ 
cated problem. 6 ' 47 Further, such work requires special care and attention with 

6 ,6 Cf.T rupak : Zamorazhivanie gruntov v stroitelnoi industrii (Soil freezing in the 
construction industry). Stroizdat 1949 

B ' 47 Esslinoer, M.: Berechnung von Rohrstutzen, Stahtbau 1951 Nov.—Oct; cf. also 
Nemeth, F.: Foldalatti csokereszt erdjateka (Force diagram of underground pipe crossings). 
Scientific thesis. 





respect to the possibility of the formation of a funnel of loosened soil around and 
along the shaft wall, in which groundwater and loosened soil could be drawn 
down even through impervious layers. Without drainage and preliminary support" 
of this zone of subsidence a hazard of an inrush of groundwater and running 
ground into the working place is to be expected and the outbreak may even lead 
to fatal accidents. 6,48 In practice drainage is effected by compressed air, while 
the loosened soil can be consolidated with preliminary grouting through grout 
holes installed in the shaft walls. If drainage is not done by the compressed-air 
(plenum) method, grouting must be carried out with such grouting materials and 
to such an extent as to provide an efficient water seal, too (Figs 6/151 and 6/157). 
When a short adjoining section of the connection adit is completed it is advisable 

6,48 Cf. Szechy, C.: Foundation failures. Concrete Publications Ltd. 1961 101 
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to build an airtight bulkhead (diaphragm-wall) for the installation of air locks 
into this section instead of using the airtight roof in the shaft for the same purpose 
(cf. Section 63.24). 

When arriving at the junction point to the underground structure, e.g. shield 
chamber, with the connecting adit, a load transferring spatial vault must be built 
before constructing the side walls and roof arches of the underground structure. 

63.33. Underground Halls (Shield Chambers, Power and Substation Rooms, etc.) 

The difference between tunnels and underground halls lies only in their purpose, 
size, the degree of safety required and the magnitude of the loads to be carried 
(e.g. air raid shelters). Factory and storage halls, turbine chambers, etc. as well as 
shield chambers are of considerable width and consequently of considerable 
height so the formation of a statically favourable horseshoe section is usually 
desirable. These halls and chambers being relatively short, are driven by one of 
the classical mining methods or by the more up-to-date rock bolting and full-face 
tunnelling methods, as the use of shield driving would be uneconomic because 
of the costs and the trouble associated with their assembly being charged for a 
relatively short section only. As regards rock pressures, the closed (spheroid) 
shape of these structures offers definite advantages (cf. Section 32.23). 

The construction of an underground hall 13-0 m wide and nearly 20 m high 
driven in limestone has been described by P. Miklos 6 49 (Fig. 6/158). First, the 
side walls were built by the aid of bottom and wall drifts (1). From the wall drifts 
cuts were .made down to the bottom, where the concrete for the side walls had 
been placed (2). The concrete was poured from the surface through feeding pits 
specially sunk for this purpose down to the wall drifts, while mucking was done 
separately through a central bottom drift. The construction of the walls in this 
way did not interfere with haulage and communication. The concreting of the 
side walls up to the spring line was followed by the construction of the arch (3). 
For this purpose, a central top heading was driven to a length of 6-7 m, then 
widened out and concreted from the spring line upwards. The excavated Soil was 
dumped into cars in the central bottom drift through pits or chutes, the concrete 
having been poured in again from the surface through chutes leading into the top 
heading. When the concrete of the arch was set, the inner earth core was broken 
out and cleared away through the central bottom heading and a central haulage 
tunnel, which had previously been driven to a length of 500 m before tunnelling 
was started. An underground power plant had also been built previously to supply 
the electric energy required for lighting, the operation of the compressors and the 
working machines. 

The shield erection chambers of the underground railways in Budapest had relati¬ 
vely smaller dimensions, but had to be driven in unfavourable ground. These cham¬ 
bers were three-bayed, the two lateral bays being actually the shield chambers and 
the smaller central one housed the transformer substation (Fig. 6/159a-c). These 

6 49 Valogatott fejezetek a foldalatti vasutepites es bdnyaszati melyepites korebol (Selected 
chapters from underground railway and mining construction). Muszaki Kiado, 1953 2 381 




Fig. 6/158. Construction of underground hall by mining methods 
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shielderection chambers had overall widths of 10 m, 6 m, and 10 m, their height being 
8-11-5 m and their length 10 m. Their construction, like that of the above example, 
was commenced by driving a peripheral bottom and wall drift system (1), from 
which the side walls were built (Fig. 6/159a). When the side and face walls had 
been built up to the level of the spring line, a second central heading was driven 
out on a somewhat higher level (2), from which to break up (F) and drive separate 
top headings (G) in the arch of each bay. These top headings were then widened 
out (3) and the masonry arch finally built upon the side walls from the springline 
upwards (Fig. 6/159b). 

The use of the double bottom-drift system, as well as the building of the under¬ 
ground structure in two separate stages proved to be uneconomic, requiring too 
much time and resulting in an undesirable weakening of the supporting ground 
core. For this reason, the method shown in Fig. 6/159c was resorted to later, 
the general working procedure being as follows. 

Somewhat above the bottom level of the hall a straight liner-plate drift (2) was 
driven which crossed all three bays in their complete width. From this drift 
break-ups (F, F x ) were eccentrically set out and raised in the plane of the separating 
walls up to the spring line. From these break-ups a peripheral wall drift system 
was driven (2). From the wall drifts pits were sunk in which to place the concrete 
of the side walls and separating walls (3) in bulk from the bottom upwards. 
These works were followed — staggered in time — by the driving of other break-ups 
(F.) laid out on the other side of the bottom drift and driven up to the full height 
of the top heading. Then from these break-ups top drifts (G) were driven out and 
enlarged, and here the masonry arch was placed (4). In both cases the inverts 
were placed after the core had been excavated and cleared away. The introduction 
of this method reduced the time required for the construction of these under¬ 
ground halls by nearly 50%. fl!io 

63.34. Underground Stations and Adjoining Service 
and Communication Localities 

Underground stations, in general, represent subterranean localities of consid¬ 
erable width and height whose structural arrangement and shape depend pri¬ 
marily on their depth below the surface, on soil conditions and on construction 
methods, whereas their dimensions must be determined to enable them to meet 
all traffic demands. From the point of view of their structural arrangement it is 
of decisive importance whether subsurface or deep-level stations are to be built. 

8 5° cf. Tavaszy, F. : Pajzs nelkiili alaguthajtasi modszerek es rendszerek hazai tapasztalatai 
(Experiences obtained in Hungary with tunnelling systems and methods without using tun¬ 
nelling shields), Mem. Tov. Kepzo 2752 1954 

With a view to reduce the dimensions of shield chambers, the headroom left free for 
erection maneuvering may be materially reduced by the introduction of special shield skin 
plate splicing and erection procedures. Cf. Proc. Inst. Civ. Eng. May 1966 71 
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Fig. 6/160. A subsurface station: (a) isometric section; (6) cfoss-sectional arrangement 


As to their traffic capacity the central or lateral arrangement, width and access 
facilities to the irplatforms is are vital importance. The decisions on both, questions 
have to be taken at a very early stage of design and are intimately connected 
with general town planning and public traffic planning. A full discussion of these 
factors exceeds the scope of this book and the following treatment is restricted 
to a discussion of some constructional problems. 
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Fig. 6/161. Subsurface station hall excavated by the free-face method (Stockholm) 


As a rule, subsurface stations are always built from the surface by ‘cut and cover’ 
methods and deep-level stations by some tunnelling method (usually by the shield 
method but also by some free-face or mining method). The difference in construc¬ 
tion methods has a considerable influence upon their shape, construction materials 
and structural arrangement. 

63.341. Subsurface underground stations. The isometric arrangement and cross- 
section of a subsurface underground station is shown in Fig. 6,'160a-b. This 
structure was built in an open excavation pit. The conditions and methods used 
for enclosure, excavation and dewatering are the same as used in ‘foundation 
engineering’. The figure is intended to indicate the flow of traffic, its facilities and 
the reasonable arrangement and connections of the single units and installations 
assuming that a subterranean ticket hall is provided and direct escalators give 
access to the centrally arranged platforms. Under exceptionally favourable ground 
conditions combined with heavy urban surface traffic even subsurface stations 
may be built with real tunnelling methods. For example, in Stockholm the appli¬ 
cation of the open-face method was assisted in some sections of the subway by the 
solid granite (Fig. 6/161), whereas in Paris, Lisbon and Rome the heavy urban traf¬ 
fic excluded any application of the ‘cut and cover’ method. Owing; io the rather 
unfavourable subsoil conditions and to the care which h d to be taken to prevent 
surface subsidence, the ‘German’ method (cf. Section 62.32) was; applied here, 
in principle, with some variations, however, in the construction of the arch. 


51 Szechy: The Art of Tunnelling 
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In Rome and Lisbon, in firmer ground and with a somewhat greater depth of 
cover this was effected with the successive transverse widening of the top-heading, 
whereas in Paris a special segment-shape shield was installed for some sections 
on the top of the previously constructed side walls and propelled forward at the 
spring line to protect the erection of the precast lining segments, forming the arch 
(Fig. 6/162a). Stations built by these methods usually have a lateral platform 
arrangement because in this case a bigger rise can be obtained for the arch, owing 
to the smaller clearance requirements at the sides (Fig. 6/162b). 

Prefabricated elements were used on a large scale in the construction of the 
stations along the' recently built extensions of the Moscow Subways. In these 
areas the Underground lines and subterranean public utility conduits (tunnels) 
were installed first, preceding the construction of residential buildings. It was 
possible here to combine the cut and cover method with the utilization of pre¬ 
fabricated reinforced-concrete elements very advantageously (Fig. 6/163). 

63.342. Deep stations. These are split actually into two levels. The upper level 
under shallow cover accommodates the ticket-hall. 

From there, access to the lower platform level is obtained by escalators or lifts 
each serving a single or, occasionally, both traffic directions. This lower part of 
the station houses the railway tracks, platforms and access passages to and from 
the trains and escalators (Fig. 6/164a). The construction of this lower level 
requires real tunnelling methods and structures differing from those common to 
foundation engineering and therefore will be discussed in greater detail below 
(see Fig. 6/164b). 

As the shield method is predominantly used for their construction, their sec¬ 
tional shape represents various combinations of circular sections. 

The most simple system was developed in London. It consisted of two larger 
section tubes (Fig. 6/165a). These accommodate one track and one platform each. 
The running tunnels enter the larger station tunnels eccentrically at their sides, 
headwalls being built at the entrance to retain the ground. The twin tunnels are 
connected by suitably spaced passages connecting the platforms. The first of 
these transits has ample dimensions to receive the escalator and distribute passen¬ 
gers in both directions. The same principle was realized in a somewhat more up- 
to date form in Toronto where a shorter and smaller central tube is provided 
for passenger interchange (Fig. 6/165b). 8 51a 

A special arrangement was employed in the construction of Gants Hill station* 51b 
during the extension of the underground system in 1950 (cf. Fig. 6/164a), where 
several tubes were combined. The successive stages of construction are shown in 
Fig. 6/164b and it may be seen that altogether 3 smaller diameter secondary 
shields, 4 full diameter station shields and one segmental shield were used rendering 

fr6ia Bartlett, Noskiewicz and Ramsay: Soft Ground Tunnelling for the Toronto Subway 
Proc. Inst. Civ Eng.. 1965 Sept. 

6 5|b Carty, C.: Les travaux d’extension du reseau metropolitain de Londres La Technique 
de Travaux 1949 Sept, and: Improving London’s Transport. Railway Gazette 1950 March. 
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the construction work very lengthy and expensive. The total width of this station 
is 22-5 m (75 ft). Because of its long construction period and high cost no other 
station has since been built in London by this method, but the twin tube ar¬ 
rangement mentioned previously is usually used in spite of its rather restricted 
space for interchange and communication. 

Various types of deep-level stations have been developed during the course of 
the construction of the Moscow and Leningrad Underground systems. Here, 
the intention from the very beginning was to construct spacious coherent under¬ 
ground halls. The first type is the standard three-bay type constructed in Moscow. 
The cross-sectional arrangement and the successive construction stages are shown 
in Fig. 6/166, and the complete arrangement in model scale is shown in Fig. 6/167. 
As shown, construction was started here by driving the two outer shields of 9-5 m 
(311/2 ft), later 8-5 m (28 1/2 ft) diameter. These gave accommodation for the running 
tracks and platforms. The third central tube is shorter and lies in the prolongation 
of the inclined escalator tunnel used not only for access and exit but also for inter¬ 
change of train traffic. This central tube extends about half the length of the out¬ 
side tubes and is connected to them by closely spaced lofty openings which give 
the impression of a coherent hall unit. 

The subsequent driving of the central tube induces stress superposition in the 
previously driven outside tubes (cf. Section 35.2) and to counteract undue defor¬ 
mation and overstressing, horizontal ties were applied there (see Fig. 6/166). 
(In Budapest, temporary vertical columns built of cast-iron lining segments were 
erected to strut the crown directly for this purpose.) 

The central tube was constructed first, by mining methods (bottom and top 
heading) but quite soon a third shield of the same diameter was employed. Open¬ 
ings to be formed between the tubes were foreseen in the design by forming frames 
or ‘eyes’ with special castings in the lining, from which the filling segments -could 
be removed when a junction had to be established (Fig. 6/168). 



Fig. 6/166. Successive construction stages of a three-tube deep level station tunnel 
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Fig. 6/168. Special lining segments and frame segments around a future access opening between 
adjacent tubes 


The overall width of such a station was 31-2 m (104 ft), a very great width, 
for which the bigger clearance and dimension requirements of the running lines 
used in the Soviet Union are partly responsible. With due consideration to the 
progressive construction time, material demand and cost which vary at about the 
square of the section width a steady trend is noticeable in the development of 
various structural and constructional arrangements of stations in order to conti¬ 
nuously decrease these width requirements. 

The simplest method of obtaining this decrease was the reduction of the tube 
diameters from 9-50 m to 8-50 m, which resulted in an overall width of 28-20 m 
(94 ft). (This solution was also adopted in the construction of the new under- 
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ground in Budapest.) Various columnar types have been developed subsequently. 
One type, the Mayakovski type, is shown in Fig. 6/169 with an indication of the 
successive construction stages. Here again, the two large diameter outside tubes 
are driven first in which cast-iron columns and strong over-bridging purlins are 
erected near the margin of the somewhat smaller platforms. In succession, a third 
segmental top shield is driven in the centre line of the whole section bearing against 
the inside purlins and columns. The installation of this segmental arch makes 
the removal of the earth core left between the outside tubes possible, as well as 
the successive demolition of the inner sides of the lining rings of the outside tubes 
themselves. Afterwards a Uniform platform could be constructed for all passenger 
traffic and interconnection purposes and providing a uniform coherent hall 
space. 

Further development was necessary because the operation with segmental 
arch shield was very difficult and the omission of the space below the platform 
deprived the track and tunnel maintenance services of very important stores and 
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Fig. 6/169. Successive construction stages of a three-bay columnar-type station (Moscow) 










Fig. 6/170. Modified columnar-tvoe station (Moscow, Arbat) 

operation rooms, which ought to be provided in all cases and which had been avai¬ 
lable in the previously introduced three-tube station arrangements (see Fig. 6/166). 
A more recent and somewhat modified type of columnar station is shown in Fig. 
6/170 (Moscow, Arbat) where purlins are replaced by cast-iron arches over¬ 
bridging the openings. Another new feature in the construction of this type was 
that the segmental arch was not driven by the shield method but by free-face 
mining methods, the lining segments being placed by erector arms. The arch had 
a bigger rise to reduce horizontal thrust. The continuous platform was dismantled 
in the same way as before. 

The development of the Leningrad Metro stations indicates some deviations 
from the above ideas. Tn the columnar type station ‘Kirov’, the columns and over¬ 
bridging purlins were erected within the central full diameter circular tube, the 
shield of which was driven first. Then two outside shields (5-50 m dia) followed 
with truncated plane faces towards the central tube, bearing at the truncated top 
and bottom lines on the support offered by the inner row of columns. The fairly 
watertight solid clay allowed the contacting parts of the lining of the central tube 
to be dismantled within this shield which was practically open towards this 
lining, without serious difficulties in retaining the ground and in dewatering. 6 52 
A more recent development of this idea is shown in Fig. 6/171 which represents 
the ‘new type’ station. This allows for a further reduction in width to 18-33 m 
(61 ft) although assuring the same clearances for running tunnels as well as for 
the entering escalator. The column row, however, leaves no free platform space 

6,02 Limanov, Ju. A.: Metropoliteni (Subways). Transheldorizdat, Moscow 1960 
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for the clearance of the trains and therefore a moving gate system closes the open¬ 
ings in the column row which can be automatically operated from the train only. 
When the train stops these moving gates are opened simultaneously with the car 
doors. This arrangement also provides for the store and administration rooms 
necessary for the maintenance services below the platform (see Fig. 6/171). 

At the construction of the deep-level stations for the new underground line in 
Budapest the three-tube system (cf. Fig. 6/166) was employed first with 8-5 m 
(28 ft4 in) dia tubes and with a total widthof28-2Qm (94 ft). Recently,a new licens¬ 
ed five-bay station type has been developed (Fig. 6/172) based on existing or pre¬ 
viously built outside running tunnels (5-5 m; 18 ft 4 in dia). The successive 
construction phases are numbered on the figure as follows: 

1. Outbreak through the previously built composite concrete and inner rein- 
forced-concrete or cast-iron segment fining at the place of the main underpinning 
beam at the bottom in 4-0 m (13 ft) long staggered sections followed by the resto¬ 
ration of the support for the lining ring by establishing a lean concrete junction 
to the cast iron ring at the bottom beam. 

2. Placing of structural steel columns upon the underpinning bottom beam 
sections spaced at 4 m with up-breaks through the fining. 

3. In situ construction of the main longitudinal top beam under the protection 
of a brick-lined longitudinal drift produced by manual mining methods. 

4. Driving of bottom and shoulder drifts for the construction of side walls 
cast in 4-0 m (13 ft) long staggered sections. 

5. Excavation and construction of the arch of the adjacent bay housing the 
passenger platform using mining methods (flying arch or Kunz method, see 
Sections 62.31 and 62.441. 
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Fig. 6/172. New five-bay type station of the Budapest Subway (licensed by Rozsa and Enyedi) 
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6. Excavation and construction of the arch of the central bay for traffic inter¬ 
change also by the above mining methods. 

7. Removal of the earth core from the central bay. 

8. Removal of the earth core from the platform bay. 

9. -10. Excavation of the invert section of platform and of central bays for 
placing invert concrete and constructing platform. 

All work was executed under compressed air and in varved clay. The method 
has some similarity to the construction procedure of the Gants Hill station 
(Fig. 6/164b) but all auxiliary drifts were driven bv mining methods instead of 
shield-driving. 

In addition to the stores and administration rooms located below platform 
level all stations must be equipped with other accommodation rooms such as cabins 
and lavatories for the attendants, sewage sumps, pumping stations, exhaust 
ducts, transformer rooms, electric transformer substations, ventilation ducts 
(cf. Fig. 4/140) and accommodation for emergency generating units, compressor 
houses, etc. 

Modern deep-level stations are provided with escalators. Wherever possible, 
escalators should be arranged to convey passengers from street level to platform 
level. Escalators are accommodated in inclined tunnels adjoining at both ends 
to special machine chambers provided for the operation and control of the escala¬ 
tors and accommodating all driving or stretching machinery. Heavy concrete foun¬ 
dations support the escalator trusses which, in turn, give support to the moving 
stairways with all their equipment (Fig. 6/173 and cf. Fig. 6/167). 

Since modern escalators have a slope of 30° from the horizontal, special emphasis 
must be placed upon the accuracy of tunnelling work 


6.4. URBAN AND PUBLIC 

UTILITY TUNNELS CONSTRUCTED AT A 
SHALLOW DEPTH 

During the development of big cities the need for tunnels is continually increas¬ 
ing. These tunnels are, as a matter of course, constructed at shallow depths, lying 
directly beneath the pavement, mostly in loose, soft, and frequently waterlogged 
soil layers. Their main purpose is to reduce surface traffic by providing a separate 
route for vehicles and pedestrians, or to dVoid interference with traffic when 
maintenance work has to be done on the public service lines and other conduits 
accommodated in them. The special conditions and demands encountered have 
led to the development of special construction methods employing, more or less, 
the elements of the cut-and-cover principle and making progressive use of precast 
reinforced-concrete structures in order to speed up the work. 
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6.41. SIDE-WALL CONSTRUCTION IN WALL DRIFTS 

When building tunnels at shallow depths under.roads with heavy traffic, this 
modified version of the tunnelling method described in Section 6.31 is generally 
applied. The side walls of the tunnel are built in horizontal drifts instead of vertical 
pits, which may be driven from some laterally situated pit with small dia shields 
or with common mining methods. Then the road payement is lifted and the prefab¬ 
ricated roof-elements are placed. Should the removal of the road pavement have 
to be completely avoided even for short night periods, the method shown in Fig. 
6/162a (Paris Metro), i.e. a segmental shield travelling on the completed side 
walls has to be used. 


6.42. SPECIAL METHODS FOR THE CONSTRUCTION 

OF PEDESTRIAN SUBWAYS, HIGHWAY AND PUBLIC SERVICE LINE 
UNDERPASSES 

The first step in reducing the heavy traffic at cross-over points in big cities is 
the elimination of pedestrian level crossings by the construction of subwayn 
A further measure is to transfer one of the cross roads or at least one sectoo. 
(tramway tracks) of them under the ground surface. Similar measures can ailss 
be taken at other multiple junctions of heavy traffic (bridge approaches, etc.). 
In the latter cases, however, level crossings can also be eliminated by means of 
elevated viaducts (as e.g. in Stockholm). 

In business areas with dense traffic it is generally attractive to accommodate 
small shops and refreshment rooms in pedestrian subways (cf. Fig. 6/174). 

Pedestrian subways though mostly needed under metropolitan cross-over 
points are often built, e.g. under watercourses, railway stations or other big 
traffic obstacles in preference to bridges to establish safe and uninterrupted traffic, 
The platforms of up-to-date railway stations or the bigger stations of underground 
railways can usually only be reached by way of pedestrian subways which, there¬ 
fore, are built not only to secure safety for pedestrian traffic or for the safe avoi¬ 
dance of railway traffic but also to provide for direct and uninterrupted access 
to traffic centres from several places. As these structures have their peculiarities 
in construction and design, it seems justifiable to deal with them separately. 

Design and construction methods of subways are similar to those used for 
subsurface public utility tunnels, differing only in cross-sectional dimensions 
and in water-sealing methods. The following remarks may therefore be relevant 
for the construction of such tunnels. 

Pedestrian cross-over subways can be constructed by one of the following 
four methods: 

1. Cut-and-cover method, when the subway is built in sections in open trenches, 
and surface traffic is simultaneously diverted to parallel streets or restricted alter- 
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nately to smaller strips of the route. (For example, the construction of the sewer 
syphon in Deak Square, or the temporary loop line of the subsurface underground 
railway in Bajcsy Zsilinszky Street, both in Budapest.) 

2. Cut and cover method, with partial diversion of surface traffic and partial 
underpinning of certain traffic lanes (tramway) by provisional bridges combined 
with the brief closure to total traffic in the hours of least traffic density (cf. Fig. 
6/175). 

3. Intermittent cut and cover method with the application of prefabricated 
roof elements placed on the side walls built previously either in underground 
drifts driven from the sides by mining methods, or in narrow trenches cut from 
the surface, or constituted by sheet piling driven from the surface. Traffic restric¬ 
tions are limited to narrow strips and streets are closed only for short periods 
during construction (cf. Figs 6/176 and 6/177). 

4. Underground tunnelling by mining methods or, most often, by shield 
driving without interfering with surface traffic (pedestrian tunnels in Antwerp, 
Hamburg and some main sewer tunnels in various cities, e.g. Essen, Hanover, 
Budapest). 

Of the methods, mentioned above, that under 1. is the most satisfactory, where 
it is possible. Should there be no place for the required diversion lane for traffic, 
either because of the narrowness of the street, or because of the importance of 
unimpaired maintenance of traffic (tramway tracks), then the traffic lanes to be 
maintained undisturbed must be underpinned by previously installed bridge struc¬ 
tures, and the subway has to be built by the cut-and-cover method. 

The use of load-bearing prefabricated elements are extremely important when 
building in metropolitan areas with dense traffic. In the construction of subways 
built under access ramps at the approach of bridges or, generally, at places where 
the reduction both of construction time and the restriction period for traffic 
are of outstanding importance, the method under 3. must be applied. In such cases 
not only must the provision of prefabricated side wall and arch elements be attend¬ 
ed to, but arrangements must also be made to place these elements in the shortest 
possible time in the brief periods of traffic blocks tolerable in the hours of low 
traffic density. Side walls can be constructed in sections either in open trenches 
deepened from the surface and filled with concrete cast in situ or with temporary 
sheet piles which may eventually form permanent elements of both lateral and 
vertical supports. 

If the lifting of the road surface in strips is restricted only to the time for placing 
the roof elements, the side walls may be built up in drifts started from pits, sunk 
laterally from arbitrary areas not affected by traffic. 

The prefabricated roof elements are always placed on the previously erected 
side walls in the shallow trench strips excavated from the surface during the partial 
or complete traffic stoppage in the night hours. 

Finally, if a traffic stoppage is quite out of question even for the shortest 
time, the whole subway must be constructed either by mining methods from 
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drifts started from the sides (e.g. by means of the Cologne method, see Fig 
6/71) or, when the subway or public service tunnel is to be constructed at a shallow 
depth or in a subsidence-sensitive environment, by the shield method. 

The above-mentioned constructions are usually drained by direct pumping 
from sumps, although in finer grained soils or silts ground-water lowering can 
also be resorted to. The soil stabilizing effect of this latter method offers consider¬ 
able advantages for the support of open trenches or tunnels driven with mining 
methods. The compressed-air dewatering method is seldom employed in the con¬ 
struction of subways, as they are located at a shallow depth below the surface, 
and consequently a ‘blow out’ could be prevented only in the exceptional case 
when the waterlogged layer would be overlaid by an air- and water-tight cover of 
suitable thickness. 

The construction methods referred to under points 2. and 3. will be introduced 
by the presentation of some practical examples. 

64.21. Subways in Vienna 

In the years 1955-1956 a pedestrian subway system was built in Vienna under 
the cross-over point of the Kartnerstrasse and the Ring in front of the Opera House, 
with accommodation for underground shops and refreshment rooms. 6 51 According 
to the previously made traffic census these extremely heavy traffic routes were 
crossed in peak hours by about 10 000 pedestrians, interfering with the passage 
of about 3200 vehicles. The pedestrian level crossing was not only the cause of 
considerable time losses to traffic but also a constant source of accidents (e.g. 
in 1954 it headed the relevant statistics with some 80 accidents). 

The reinforced-concrete underground structure built to relieve these troubles 
is elliptical with axes of 51 m and 56 m Its flat reinforced-concrete roof is supported 
by soild walls both on its periphery and at its centre, where two concentric rows 
of columns suplpy the intermediate supports (Fig. 6/174a). The height of the hall 
is 2-90 m (9 ft 8 in), while that of the access galleries is 2-57 m (8 ft 7 in), and the 
whole underground area is artificially ventilated Seven short flight escalators 
lead to the tramway stations and to the footpaths of the intersecting streets 
Refreshement rooms and shops installed in the interior of the structure are attrac¬ 
tively fitted out and decorated 

The subway was built in an open trench. The tramway tracks crossed the trench 
at a level elevated 60 cm over the street surface and underpinned by temporary 
steel beams and trestles (Fig. 6/174b). The reinforced-concrete framework and 
cover of the structure together with all roads and structural installations, etc 
were completed in about seven months by uninterrupted work day and night 
to reduce the period of serious hindrance to public traffic to an absolute minimum. 
Internal coating, fitting out and decoration proceeded afterwards assisted by arti¬ 
ficial drying under the completed roof structure. 

6 53 Koller, R.: Massnahmen der Stadt Wien zur Behebung der Verkehrsnot, Osi. Iny 
Zeitschrift 1958 Okt. und; Die Erweiterung des Wiener Stadtbahnnetzes. Stadt Wien 
1965 oki. 





Fig. 6/174b Opera Subway under construction in Vienna 


SHALLOW URBAN AND PUBLIC UTILITY TUNNELS 


Fig. 6/174a Model of the Opera Subway in Vienna 
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Since then a series of underpasses have been built in Vienna, making use of the 
Icos-Veder method (cf. Fig. 6/75) for lateral support of open excavation pits. 
The most remarkable of these might have been that at the Mariahilfer Strasse 
where a working pit of several thousand sqm surface area had to be covered by 
a temporary deck construction in order to maintain street and tramway traffic 
undisturbed during the whole construction period. 6 54 

The Icos-Veder method has been extensively used also at the realization of the 
Park-Lane improvement scheme London. 6 ' 543 A typical cross-section of these 
vehicular underpasses is shown in Fig. 6/175. 



Fig. 6/175. Cross section of a vehicular underpass of the Park-Lane improvement 


A remarkable subway system in Brussels in conjunction with the International 
Exhibition in 1958 was constructed with interesting constructional features. 
The reader, however, is referred to reference 6 Mb owing to lack of space in this 
book. 


6 54 Cf. Bauingenieur 1966 1; Der Aufbau 1966 1-2 

6 . 54 a CiR anter, E. : Park-Lane Improvement-Scheme: Design and Construction. Proc. Inst. 

Civ Eng. 1964. Oct. No. 6754 _ ■*» ^ w _ 

e - 51b Cf. Dubourg, L.: Leviaduc et-les passages sOiiterrains de Bruxelles. La technique des 

Travaux January 1958 " ^ 
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64.22. Margaret Bridge in Budapest 

In the year 1936 when the Margaret Bridge in Budapest was being widened, 
pedestrian subways had to be built under its access ramps first on the Pest (left) 
side and then on the Buda (right) side of the Danube, in both cases without inter¬ 
fering with public traffic. 6 - 55 The construction of these subways was designed to 
eliminate the jamming effect of heavy pedestrian-crossing traffic and to provide 
for safe and undisturbed access by pedestrians to the platforms of the centrally 
located tramway station island. Fig. 6/176 shows the layout of the subway on the 
Pest bank and the details of the roof structure. 

The two outside sections of the subway lying under the newly built approach 
sections, could be built in an open trench as closed monolithic reinforced-concrete 
frames without any interference with bridge traffic. However, the section lying 
under the central tramway platforms, i.e. under the used approach could be built 
without interference to day traffic only if construction work was restricted to the 
night hours from 11 p.m. to 5 a.m., in which period tramway tracks and road 
pavement had to be torn off in two narrow strips in the axis of the proposed side 
walls in widths of 2-3 m. In the shallow pits excavated, steel sheet piles were 
driven in two parallel rows for the temporary side supports and also as structural 
elements of the permanent side walls. On the top of the driven sheet piling, rein- 
forced-concrete inverted trough-shaped cap elements were placed. In the morning 
hours constructional work was stopped, the trenches refilled and tramway tracks 
and road pavement replaced and traffic flow restored during the day. The next 
night the road pavement and the tramway tracks were again removed, but this 
time not only in the continuation of the narrow strips of the two side walls but 
in the length where piling had been done during the previous night and also in 
the section in between, to allow the precast reinforced-concrete roof beams to 
be placed side by side. When the corresponding group of 20 cm wide elements 
had been placed, their top was coated with bituminous waterproofing and covered 
with precast-concrete plates for protections. After this had been completed the 
soil was backfilled again and road pavement and tramway tracks replaced. The 
step by step construction of a load-bearing deck made it possible for earth to 
be excavated and removed from both interior ends of the subway, without requir¬ 
ing any additional support and without interference with traffic at the approaches. 
The permanent reinforced-concrete side walls and the invert slab of the subway 
as well as its internal sealing and glazed tile cover could also be placed without 
any disturbance. The waterproofing of pedestrian subways must be undertaken 
with great care, in general, not only to maintain their stability and to afford the 
necessary protection against corrosive action but also to satisfy aesthetic demands 
for a stainless condition which necessitates the absolute exclusion of water infiltra- 

6 55 Szechy, K.: Bau der Fussgangerunterfiihrungen der Margarethen Donaubriicke in 
Budapest. Bautechnik 1937 and The Reconstruction and Widening of the Margaret Bridge. 
The Structural Engineer 1937 March. 
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64.22. Margaret Bridge in Budapest 

In the year 1936 when the Margaret Bridge in Budapest was being widened, 
pedestrian subways had to be built under its access ramps first on the Pest (left) 
side and then on the Buda (right) side of the Danube, in both cases without inter¬ 
fering with public traffic. 8 - 55 The construction of these subways was designed to 
eliminate the jamming effect of heavy pedestrian-crossing traffic and to provide 
for safe and undisturbed access by pedestrians to the platforms of the centrally 
located tramway station island. Fig. 6/176 shows the layout of the subway on the 
Pest bank and the details of the roof structure. 

The two outside sections of the subway lying under the newly built approach 
sections, could be built in an open trench as closed monolithic reinforced-concrete 
frames without any interference with bridge traffic. However, the section lying 
under the central tramway platforms, i.e. under the used approach could be budt 
without interference to day traffic only if construction work was restricted to the 
night hours from 11 p.m. to 5 a.m., in which period tramway tracks and road 
pavement had to be torn off in two narrow strips in the axis of the proposed side 
walls in widths of 2-3 m. In the shallow pits excavated, steel sheet piles were 
driven in two parallel rows for the temporary side supports and also as structural 
elements of the permanent side walls. On the top of the driven sheet piling, rein- 
forced-concrete inverted trough-shaped cap elements were placed. In the morning 
hours constructional work was stopped, the trenches refilled and tramway tracks 
and road pavement replaced and traffic flow restored during the day. The next 
night the road pavement and the tramway tracks were again removed, but this 
time not only in the continuation of the narrow strips of the two side walls but 
in the length where piling had been done during the previous night and also in 
the section in between, to allow the precast reinforced-concrete roof beams to 
be placed side by side. When the corresponding group of 20 cm wide elements 
had been placed, their top was coated with bituminous waterproofing and covered 
with precast-concrete plates for protections. After this had been completed the 
soil was backfilled again and road pavement and tramway tracks replaced. The 
step by step construction of a load-bearing deck made it possible for earth to 
be excavated and removed from both interior ends of the subway, without requir¬ 
ing any additional support and without interference with traffic at the approaches. 
The permanent reinforced-concrete side walls and the invert slab of the subway 
as well as its internal sealing and glazed tile cover could also be placed without 
any disturbance. The waterproofing of pedestrian subways must be undertaken 
with great care, in general, not only to maintain their stability and to afford the 
necessary protection against corrosive action but also to satisfy aesthetic demands 
for a stainless condition which necessitates the absolute exclusion of water infiltra- 

6 55 Szechy, K.: Bau der Fussgangerunterfiihrungen der Margarethen Donaubriicke in 
Budapest. Bautechnik 1937 and The Reconstruction and Widening of the Margaret Bridge. 
The Structural Engineer 1937 March. 
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tion. Waterproofing was achieved with a continuous gunite rendering of 2 cm 
thickness in the given case, in addition to the continuous bituminous coating. 

64.23. Dimitrov Square Subway in Budapest 

Another example worth mentioning is the subway built under Dimitrov 
Square 8 - 06 in Budapest crossing the access ramp of the Szabadsag Bridge over 
the Danube just behind its left abutment. (This subway accommodates a subsurface 
tramway station completed with an adjoining network of pedestrian subways.) 

The reinforced concrete side walls were built, in this case, in a strutted open 
trench and placed on a foundation of sand piles and on a well-compacted soil 
cushion (Fig. 6/177), because of the relatively low load-bearing capacity of the origin- 


Sidewall construction unoer ^ con5 ( ruc p m after pis- 

temporary orerbndgmg cing of precast roof dements .ongitudinat section 




Kovacshazy, F. : Dimitrov teri aluljaro epitese (The construction of the subway at 
Dimitrov Square), Melyep. Tud. Szemle April. 1952 
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al soil. Following this, trenches crossing the most frequented traffic lanes were 
spanned by short temporary bridges to a width about equal to that of the roadway 
of the bridge to allow the pits to be deepened and the reinforced-concrete side 
walls were cast in them without interference with surface traffic. The permanent 
deck girders placed on the side walls completed in this way were of prestressed- 
concrete (Fig. 6/177). As these could, of course, not be placed without tearing off 
the surface, bridge traffic had to be stopped for two consecutive holidays. First, 
the temporary overbridging was removed from above the side walls. Then the 
permanent prestressed-concrete roof girders which were previously arranged in 
groups of 9 to 11 units, were placed on the side walls and covered with bituminous 
waterproofing, on the top of which protective concrete plates were placed. The 
girders in each group were tightly forced to one another by transverse post-tension¬ 
ing. This not only helped to speed up construction work, but, above all, also 
secured a better co-operation between the single beam elements and a better and 
more uniform distribution of externa! surface loads among them. In conclusion, 
this post-tensioning resulted in an increase of 18% in the load-bearing capacity 
of the single elements. 

The problem of load distribution is of great importance in the construction of subways 
designed with a roof composed of prefabricated elements, as it could not be considered econom¬ 
ical to design the single elements with a load-bearing capacity sufficient to carry the load 
of a heavy vehicle’s wheels individually. Also, the installation of cross ribs or bearing grids 
would be expensive and would, at the same time, involve a loss in structural height. Trans¬ 
verse tensioning of the beam elements is, without doubt, the most advantageous solution of 
the problem. The co-operation of the girders of the Margaret Bridge Subway (see above) 
was obtained by the use of an upper load-distributing concrete layer with steel mesh reinforce¬ 
ment. There are, nevertheless, also some other solutions, as, e.g. when the lateral contacting 
surfaces of the beams are tongued and grooved. If these beams are deflected, the adjacent 
grooves and tongues will interlock as a result of which part of the load on the mostly heavily 
loaded girder will be transferred to the adjacent ones. This construction requires, however, 
a seldom obtainable exactitude of one millimetre in prefabrication. 

The great advantages in the use of prefabricated elements are that not only 
is there a reduction in construction time and disturbance to traffic, but also, and 
particularly, a lower structural height is necessary, e.g. as opposed to the usual 
tunnelling methods, where, owing to the use of timbering, a greater height is 
required and this applies to the use of temporary bridges over the trenches excavat¬ 
ed from the surface for the maintenance traffic. (This was why the tramway 
tracks in front of the Opera House in Vienna had to be elevated above the level 
of the road; cf. Fig. 6/175.) 

Some examples for the use of prefabricated elements are presented in Chapter 
6.44. 

6.43. CONSTRUCTION OF CULVERTS AND SEWERS BY PIPE JACKING 

Pipe jacking can be considered fundamentally as a kind of shield tunnelling, 
where the propulsion jacks remain in place and the permanent lining (a pipe) 
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is driven ahead instead of the shield. The principle of the method is that vertica 
shafts are sunk to the design level of the pipe, one at each of its end points. A 


I 



Hardwooo distributing frame 


Counterfort 

filler 

blocks 


Suide timbers 


Fig. 6/178a Principal 

arrangement of 
pipe jacking 


the bottom ol these shafts bearing walls of suitable strength and jack frames 
are built with pipe-guiding rails or beams in front of the jack (Fig. 6/178a). The 
shaft must have a width suitable not only for housing the jack and the load 
distributing frame but for a lining unit (a pipe) as well. 

A reasonable arrangement for the shaft is given in Fig. 6/178b. As shown, the 
best constructional arrangement may be obtained, when bottom slab, side walls 
and the rear abutment wall are cast in situ in form of a monolithic R.C. unit 
and the excavation for the shaft is done within a sheet-piled enclosure. In this 
way not only the full cooperation and resistance of the bottom-slab and side-walls 
are secured against the propulsion reactions, but the recesses and cut-off depth of 
the sheet pile wall are additionally increasing this value. The constructional arrange¬ 
ment of the opening on the front wall of the shaft has to offer first of all a definite 
and firm guidance for the pipes, but an appropriate sealing around its circum¬ 
ference against the infiltration of ground water or against eventually applied 
thixotropic fluids must also be provided for. Finally, the embedment of guiding 
rails and the location of water collecting canals in the bottom slab are also an 
important requisite. 

For jacking the pipes the application of about 4 propulsion rams is advised. 
The propulsion itself may be effected in two ways: 

(a) The rams are supported directly on the abutment wall, when appropriate 
extension pads must be inserted directly between the ram and wall after each 
stroke. 

(b) The rams are built into a sliding frame, when this frame is advanced 
according to the stroke and the altering position of the frame is to be fixed from 
the wall by the insertion of pads and wedges (Fig. 6/178c). In this latter case the 
repeated dismounting and mounting of the rams is omitted. 
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Fig. 6/178b Shaft arrangement for pipe jacking 


The stroke of the jack is practically equal to the length of one pipe, as otherwise 
an extension pad inserted between the jack and the pipe has to be used after the 
stroke length of the jack has been exhausted. 

The pipes to be jacked can be of flat steel, of precast concrete or of corrugated 
steel units and should have an inside diameter of at least 1 m to allow a man 
to work inside them. (In practice, even pipes of smaller diameter are jacked, 
in which cases, however, special tools, such as scraper rods must be used for 
excavation and guiding.) The soil is excavated to a distance of 30 cm from the 
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front of the pipe, at the same time taking great care to prevent the soil from 
caving in. Following this, the pipe is pushed forward by the jacks until an overall 
distance equal to the length of the pipe is reached, when, after the jacks are with¬ 
drawn, there will be sufficient room to place and join up the next pipe to be jacked. 
The pipes are connected by lap joints for concrete pipes, or by lap joints or welding 
or threaded internal fish-plate joints for steel pipes. Constructionally sound joint 
arrangements for R.C. pipes are shown in Fig. 6/178d. Care must be taken that no 
protruding bosses, ribs or rivet heads appear on the outer surface of the pipes. Pipes 
made of corrugated steel-sheets may also be provided with flat guiding strips 
welded to the outer surface of the pipe to reduce frictional resistance. The magni¬ 
tude of the specific frictional resistance depends upon the nature of the soil, the 
extent of overbreak around the pipe and the diameter of the pipe. The extent of 
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Fig. 6/178d Watertight joints for R.C. pipes 



SHALLOW URBAN AND PUBLIC UTILITY TUNNELS 


823 


overbreak around the pipe is usually about 2-3 cm. With greater dia pipes, 
however, such a gap behind the pipe would produce a considerably bigger settle¬ 
ment of the roof layers than with small dia pipes (arching of the ground). Owing 
to this fact, the specific frictional resistance also increases with the diameter of 
the pipe, its value Varying from 0 - 5to2'5 ton/m 2 on an average. 

The specific frictional resistance and thus the required propulsion force may 
be effectively reduced by lubricating the pipe skin with some thixotropic fluid 
(bentonite). This is td be effected mainly around the top section of the pipe and 
the fluid must be directed to the cutting-edge which in this case must be formed 
to leave a sickle-shaped space free around the circumference. A practical arrange¬ 
ment is shown in Fig. 6/178e. 



This method is generally employed for the construction of culverts in newly 
backfilled embankments or for sewers or public service line passages under railways 
or highways. According to Richardson and Mayo the longest distance attainable 
by pipe jacking from one direction is, at most, 30 m; for longer distances the 
pipe jacking must be carried out from both sides. More recently, even longer 
distances have been obtained by the injection of thixotropic fluids mentioned 
above. 637 

The maintenance of both the proper direction of the pipes and the concentric 
action of the pushing forces is of the highest importance, as otherwise pipe 
failures could arise, jeopardizing the success of pipe jacking. Direction control 
can be carried out by sighting through sighting squares fixed in the pipes (Fig. 
6/179a). Smaller deflections can be corrected by overbreaks made in the required 


6 57 Lorenz, H.: Erfahrungen mit thixotropen Flussigkeiten im Grundbau, Bautechnik 
1953 232 and 1957 200 
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Fig. 6/179 (a) Sighting square for checking 
alignment of pipe in jacking; 
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correction 


direction, and at the same time setting 
an adjusting screw-jack between the op¬ 
posite side and the edge of the pipe 
(Fig. 6/179b) and with the uneven oper¬ 
ation of propulsion jacks. Excessive 
excavation ahead the face is danger¬ 
ous and it must be always cared for that 
the cutting edge should not be set free, 
but it should always “cut”. This is the 
best warrant for a definite direction. 

Many difficulties have to be over¬ 
come when using the method below 
groundwater level, as drainage by com¬ 
pressed air can be employed only at 
a very high cost and limited to bigger 
diameter pipes, and open drainage into 
sumps could be dangerous in loose 
ground. Lowering the ground-water 
level with vacuum well-points would 
be the most suitable solution of the 
problem, but this, however, would be 
effective only up to a certain distance 
from the outfall heads. 


6.44. CUT AND COVER CONSTRUCTION METHOD WITH PRECAST PANELS 

As indicated in the title, the method to be discussed here can only be considered 
as a tunnelling method in so far as its aim is the construction of underground 
tunnels. This aim, however, is not achieved by underground excavation but by 
excavating an open trench either with vertical sides supported by sheet piles or 
with sloped sides without support; in the trench, prefabricated lining elements 
(panels) are placed from the surface. The use of large lining elements is, thus, made 
possible as with this construction working possibilities are not limited by the 
small cross-sectional area of the tunnel either for hoisting capacity or the available 
working area. All these circumstances greatly improve the economy and efficiency 
of the tunnel construction, and, at the same time, reduce the number of unavoid¬ 
able joints in the tunnel-lining, so alleviating the problems and difficulties of drain¬ 
age and water sealing. 

A fairly good example of the application of the method is represented in the 
construction of the latest extensions of the Metro in Moscow (the Kaluga line). 
Owing to far-sighted and careful town planning, the construction of the under¬ 
ground railway preceded the building of houses, roadways and public service 
lines in this district, so that the adoption of the safe cut and cover method with 
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the use of sloped trenches was made possible without the slightest danger to the 
surroundings. 

The tunnels built for the Metro are, in general, double-track tunnels of rectang¬ 
ular cross-section, separated into two single-track tunnels only just ahead of 
the stations to allow the necessary central platforms to be constructed 6-59 (cf. 
Fig. 6/163). 

These single-track tunnels which have a cross-section of 4-56 m x 5-30 m are 
schematically shown in Fig. 6/180a, while the double-track tunnels can be seen 
in Fig. 6/180b. 



.Joints filled in situ with 


concrete 


Fig. 6/180a Subsurface 

(single) tunnel section 
composed of 
prefabricated elements 
(Moscow) 


Double-track tunnel of prefabricated elements 



6-59 Krivoshein and Riznichenko: Sooruzhenie tunnelei Metropolitena otkritim sposo- 
bom (Construction of the tunnels of the Metro with open-surface methods), Transportn. Stroit. 
1959 Nov. 20-23 
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After the trench had been excavated with a bucket excavator and the bottom 
had been levelled, a simple concrete socket was placed to give an exactly plant 
surface coated in succession with waterproof sheeting. Following this the invert 
(marked on the figure by L-3) and two side-wall panels (Sz) were placed, each 
having a length of 3 m. When assembling these lining elements, a 50 cm wide 
gap was left at the joints to allow for the welding of the exposed ends of the 
reinforcement bars; this gap was then filled in situ with concrete. After that 
followed the placing of the 1-5 m long, trough-shaped and ribbed roof panel 
(P-/), and the concreting of the abutment joints. The double-track tunnel section 
is similar in arrangement, with the exception that, prior to placing the roof panel 
and concreting the gaps in the joints, a central bottom panel and a separation 
panel are placed. A single panel weighs more than 10 tons, and this weight 
is expected to be further increased with the development of mechanization, which 
again will result in the further speeding up of tunnel construction. 

Several public service tunnels - though much smaller in size - have been built 
in Hungary also according to the same principles, mainly in new settlements 
for the placing and accessibility of public service lines. 6 60 Channelled concrete 
frames weighing 1-3 tons and measuring 50 cm in length, 12 cm in thickness and 
with cross-sectional measurements of 2-0 m x 1-90 m were placed in dry trenches 


Fig. 6/181 Section of Hamburg subway composed of prefabricated elements 

6-60 Rozsa L.: Zartkeretu eloregyartott vasbeton kozmualagut (Public service tunnels of 
precast reinforced-concrete panels), Melyep. Tud. Szemle Oct. 1959 
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with supported vertical sides, by a travelling crane. The channels between the adja¬ 
cent frames were subsequently filled with cement grout and then made watertight 
from the top. 

Other examples can be found in Europe of the application of this method 6 61 
which is exceedingly suitable for mechanization. Thus, e.g., some precast prestressed 
reinforced-concrete panels, 5 m high, 8 m wide and 2 m long with central inter¬ 
mediate posts are being adopted in open trenches excavated under the protection 
of ground-water lowering in the recent extension of the double-track underground 
railway tunnel in Hamburg (Fig. 6/181). All these panels (each weighing 37 tons) 
have iron bands protruding from their sides which, after they have been placed 
on carefully levelled concrete sockets and after an adjustment to an accuracy 
measured in millimetres, are welded to the iron bands of the adjacent panels 
along their entire periphery. This results in an absolutely watertight lining. Though 
the operations were carried out in the night hours during the absence of traffic 
only four sets of panels making a double-track tunnel section 8 m in length could 
be built per night. 

Whereas in the previous examples the whole cross section was composed of 
prefabricated elements, a partial application of them may be demonstrated in 



Fig. 6/182. Cross-section of a pedestrian subway with U-shaped precast bottom units 

661 Cf. Neue Bauweise im U-Bahnbau, Der Stadtverkehr 1958 8. Cf. also: Der U-Bahnbau 
in Hamburg, Schweizerische Bauzeitung 1958 43 
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connection with the construction of the pedestrian subways of the Park-Lane 
improyement scheme London. - 61a Here “precast concrete U-shape units 4 ft long 

mof, hl ? f ° rm thC fl °° r aDd WaUS ’ W ' th iD Situ joints betweeD ^eiu The 
roofs are of composite construction consisting of 9 ft 6 in long precast units 

with in situ reinforced concrete on the top” (Fig. 6/182). 


6.5. SAFETY MEASURES AND HEALTH PROTECTION 
IN TUNNELLING 

6.51 SAFETY MEASURES 

TunneHing is inherently a hazardous operation. The small working areas 
available in headings or inside the shields, the wet or slippery working platforms 
floors and footings, the artificial and most often inadequate underground lighting’ 
unseen weaknesses in rocks, the treacherous loosened rock roofs, the loading 
hauhng and unloading of muck, coupling of cars and trains in limited space and 
bad visibility as well as the operation of loading, hoisting, drilling and other machin- 

explosfves ^ ° f apart fr ° m the handling and using 

Still, it can be stated that accident prevention is essentially a matter of good 
organization as the percentage of ‘unavoidable accidents arising from natural 
catastrophes (e.g. those caused by sudden breakdown of ground, or water and gas 
inrushes, etc.) is comparatively small compared with the percentage of those arising 
from negligence, lack of order, tidiness or discipline. 

Strict safety regulations and rules must, therefore, be laid down for each work¬ 
ing place before the start of tunnelling operations, and these regulations must 
: rr b f Pe ™ tted violation of an y safbt y rule - no matter how slight - 

“rSedtelow 8 y pr08raran,e ' S °" e ° f ,be m0Sl impomM ■“»” 

1. All machines and tools are to be kept in proper and efficient condition 

2. Reserve tools, construction materials or machines must not be stored in 
the tunnel sections. 

3 Gangways and working platforms must be maintained in solid and clean 
condition. 

4. Working sites must be provided with efficient lighting, and electric wiring 

should be properly insulated. 6 

5. Telephone communication must be established between working places 
hoisting and lift stations, machine house and the works headquarters. 

J,"a °,r."j. E to"N„ u 675 i r o ” v “‘ sch '“ : Desis ” * nd 
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6. There are many circumstances from blasting 6 62 to muck haulage which 
conduce to accidents in excavation work. Mine cars must not be filled beyond 
the provided clearance and above their safe bearing-capacity as projecting tools, 
pipes or machine parts can easily come into collision with supporting elements, 
especially when hauled on uneven, rough tracks scattered over with muck falling 
from the overloaded cars. The coupling and uncoupling of cars and trains, as 
well as runaway cars (jack-catches!) are all important sources of many accidents. 

7. All elevators, lifting and hoisting machines and equipment must be designed 
with a safety factor higher than usual.to allow considerable overloadings. They 
should not be operated without strict service instructions. The use of automatic 
safety brakes and reliable signalling apparatus is, similarly, of the highest impor¬ 
tance. Many serious accidents have occurred when hoisting was started before 
the mine car or the load had been properly encased or fixed in the cage. 

8. The breakdown of rock or ground is a source of accident characteristic 
of tunnelling. Therefore, the careful and frequent check of the roof, and the sides 
as well as that of the tunnel supports is of primary importance. It is especially 
important that the rock surfaces freshly exposed to blasting should be carefully 
cleared from the loosened spalls or fragments and that the supporting elements 
should be inspected frequently in order to detect possible deformations and breaks. 

9. Proper protective clothing (steel helmet, rubber boots, working suits, goggles) 
are essential requisites for successful accident prevention. The wearing of a proper 
steel helmet is most especially important as it will protect the head not only against 
falling objects but also \yhen colliding with props, caps, etc. Feet can be best 
protected against falling objects, soaking and cold by waterproof and solid boots. 

10. In tunnelling work a well-organized fire-fighting service, and its supply 
with foam extinguishers, etc. cannot be dispensed with. Fires in sites under com¬ 
pressed air are particularly liable to involve catastrophic consequences. 


6.52. HEALTH PROTECTION 

Hygienic regulations relate, first of all, to the proper ventilation of the under¬ 
ground working places already dealt with under Section 46.51. Suitable working 
clothes (proper footwear and light, yet warm clothing suitable for protection against 
rheumatic diseases which are easily caught in moist places and atmospheres) 
are of similar importance. Still more important, perhaps, is the installation and 
maintenance of warm shower-bath rooms, comfortable and clean dressing rooms, 
rest rooms and lavatories at tunnelling sites. 

The special occupational diseases of tunnelling, i.e. silicosis and caisson disease 
the latter of which results from working under compressed air, will be briefly 
discussed below. 


6 62 Cf. Robbantas (Blasting), Bdnyabiztonsagi Szabalyzat V 2 1259 
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65.21. Silicosis 

Silicosis is a serious pulmonary disease caused by prolonged exposure to high 
concentrations of rock dust containing minute particles of silica (Si0 2 ). Most 
rock formations contain silica; quartz is almost pure silica, and sandstones are 
largely built up of silica. The silica dust particles cause fibrosis of the lung tissue 
which so far is incurable and the progress of the disease often continues after 
the victim is no longer exposed to the dust. According to physicians, silicosis 
is caused by chemical processes which take place when the dust particles, less 
than 10 microns in diameter, react with the pulmonary lymph. The minimum 
exposure time sufficient for the development of silicosis has not yet been determin¬ 
ed. It is, however, supposed to be somewhere about 3 years, depending, of course, 
also upon the state of health and the liability to pulmonary diseases of the individu¬ 
al. The symptoms of the disease will only become manifest after 5-6 years. The 
blood passages in the lung will narrow due to cicatrization, as a result of which, 
the work of the heart is intolerably increased and finally leads to failure. The 
causes of the disease cannot be eliminated, nor the disease cured, although its 
symptoms can be alleviated, and the illness always terminates fatally. 

In moist air - thus, also, in tunnelling conditions - the silicosis hazard is less 
dangerous than in dry atmospheres, such as in quarries, or stone dresser shops, 
i.e. in plants where the air is usually dry and polluted with silicous dust. In Switzer¬ 
land, for example, it is legally binding to report to the relevant authorities all 
those activities where the quartz content of the air-borne dust exceeds 10% by 
weight, whether in the course of excavation, dressing, transport or utilization 
of minerals. In such cases it is for the Accident Insurance Institute to decide 
whether the plant is to be considered as imperilled by the silicosis hazard or not. 
If so, the labourers employed there must undergo certain medical examinations, 
while suitable labour-safety measures and equipment must be installed at the 
plant (dust control, respirators, forced ventilation, spraying, moistening, wet 
drilling or dressing, etc.). 663 

Of the methods used to control the dust from drilling, the vacuum hood method 
has proved satisfactory especially with the use of dry drills. The system consists 
of a hood that fits around the steel drill at the rock face, from which a suction 
hose leads all the dust created by the drill to separators and filters. With wet 
drilling it is no longer considered sufficient for the prevention of silicosis, for the 
microscopic dust particles responsible for the disease to escape with the water 
stream. 

The most effective dust control methods are water spraying the air-borne 
dust and the use of wet and ventilation drilling. For example, in the costruc- 
tion of the Mont Blanc tunnel the dust in the working place appeared only as 
a fine sludge. 


6 63 Cf Banyaszati Lapok 1959 4—5 
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65.22. Caisson Disease 

In conjunction with tunnelling jobs a separate discussion of caisson disease 
(decompression-sickness) is justified, the work under compressed air in tunnelling 
being of longer duration than work in bridge pier foundation jobs. While the latter 
are usually completed in one or two months and, even when built in succession, 
the overall time of their construction does not last longer than eighteen months, 
in the course of which there are generally interim pauses, or, at least, the air 
pressures applied will successively vary between lower and higher values, tunnel¬ 
ling jobs are mostly of a duration of many years with no pauses, and are usually 
canied out under considerably higher air pressures. The common misgiving 
that if the human organism is exposed to high air pressures for long, it will, sooner 
or later, become exhausted and more susceptible to caisson disease, seems to 
be fairly justifiable. This apprehension, however, was not supported by the experi¬ 
ence obtained in the construction of the underground railway in Budapest. It 
could, nevertheless, be stated that the specific number of cases of caisson disease: 
B (i.e. the number of cases related to the number of decompressions: k) did sudden¬ 
ly increase when the air pressure reached a value of 1-7-1-8 atm (24-26 lb/in 2 ) 
overpressure. This limit value could be clearly shown, e.g., in the year 1953 for 
the 11th working site, where this specific number was found to be B/k % — 1-8 % 
at an air pressure of 1-8 atm overpressure, immediately falling back to a value of 
0-2-0-4 % as soon as the air pressure was reduced to 1-5 atm. Or, e.g., in the 
case of the 9th working site, where the value obtained for Bjk at an air pressure 
of 0-7 atm overpressure was only 0-15%. At the same time the average value of 
B\k obtained in the year 1952 for an air pressure of 1-7 atm overpressure was 
found to be 0 84%. The same figures at the construction of the Clyde tunnel in 
Glasgow were 018 % and 0'33 — 0'92 % respectively. Accordingly, in tunelling work 
an attempt should be made to ensure that the air pressure applied should, wherever 
possible, not exceed T7 atm (24 lb/in 2 ) overpressure. Thus, it is far better to carry 
out the work under an air pressure lower than that required for full dewatering at 
the bottom level of the tunnel - so also reducing the risk of dangerous blow-outs 
due to unbalanced pressure - and to apply air pressures equal to the water head at 
the axis or springline level of the tunnel depending upon the critical height differ¬ 
ence which would make soil particles also flow with the entering groundwater. 
Thus, in larger diameter tunnels air pressures some tenths of an atm lower than 
required at bottom' level may be applied (cf. Fig. 6/147). 

The incidence of sickness is, generally, not influenced by the seasons or by 
climatic factors and weather conditions. According to American reports, however, 
the specific number of cases of caisson disease (bends) varied according to the 
day of the week. For example, during the construction of the Queens-Midtown 
tunnel 6 64 it was highest on Sundays (0-4%) and lowest on Mondays (0-12%) 

6 64 Singstad, O.: Cf. The Queens-Midtown tunnel. Transact Am. Soc. Civ. Eng. 1944 
109 679—762. Cf. also: Haxton and White: Constructional Problems of the Clyde Tunnel 
Proc. Inst. Civ. Eng. 1965 Febr. 337 
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and this latter percentage increased successively from Monday to Saturday up 
to 0-2 / Q . The first value (for Sunday) can be ascribed'to fatigue caused by Saturday 
entertainments, while the last value (for Saturday) must be attributed to'fatigue 
caused by the whole week’s labour. According to American regulations, the longest 
permissible uninterrupted working time under compressed air is 4 hours. With 
increasing air pressure the working time must be reduced and the time of rest 
increased according to the table below 


Air pressure 
(atm 

overpressure) 

000-126 

1-26-1-84 

1-84-2-31 

2-31-2-66 

2-66-3-01 

301-3*36 

3-36-3-50 

Working time 








(hours) 

4-0 

30 

2-0 

1-5 

10 

0-75 

0-5 

Time of rest 








(hours) 

0-5 

3-0 

4 ° 

4-5 

60 

6-25 

7-0 

Working hours 

4-0 

30 

© 

cd 

1-5 

10 

-- 

0*75 

0-5 


It is beneficial to vary the rate of decompression as follows: for air pressures 
of 0-1-05 atm overpressure it must be, at most, 0-21 atm/min; for 1-03-1.4 atm 
overpressure 0-14 atm/min; for 1-4-2-1 atm overpressure 0-105 atm/min and for 
air pressures exceeding 2-1 atm overpressure 0-07 atm/min. The so-called ‘stage 
decompression has also been applied where the overpressure is reduced to 
half its value at a higher rate of decompression (0-35 atm/min) using the 
remainder of the prescribed decompression time for the reduction of the rest of 
the overpressure to atmospheric pressure at a constant, much lower rate of 
decompression. 

The use of two air chambers, i.e. of double bulkheads has proved beneficial 
in practice. Medical investigations have also shown that the use of oxygen while 
under decompression accelerates the desaturation of excess nitrogen from tHs 
body fluids and tissues. As a by-product of the oxygen breathing tests conducted 
on the Queens-Midtown tunnel work the use of helium—oxygen mixtures for the 
alleviation of ear blockage was also developed successfully. A comparison of 
the percentages of types of symptoms on several tunnels in New York as indicated 
by the table below shows fair agreement with experience gained in the construc¬ 
tion of the Budapest underground. 

As the joints, fibrous tissues and fats of the body (which have poorer circulation 
than other parts of the body) desaturate more slowly during decompression, 
this accounts for the high percentage of symptoms which are classified as various 
localized pains in the body. 
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Symptoms 

Budapest 

(%) 

Hew York 

(%) 

Glasgow 

(%) 

Localized pains in the joints and limbs 

93 

89-4 

85 

Localized pains in the trunk 

1-7 

0*2 

Pains in the central nervous system and 
the head 


2-2 

2-7 

Localized pains in the vertebra 

5-2 

7-3 

80 

Choking 

_ 

09 

0*1 

Unconsciousness (collapse) 

01 

02 

40 


It can be stated in general that the number of cases of decompression diseases 
decreases considerably when a smaller number of more skilled and disciplined 
workmen are employed. 
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CHAPTER 7 


SERVICE, OPERATION AND MAINTENANCE 
OF TUNNELS 


Generally speaking, all tunnels are rather special and delicate types of structures 
from the point of view of design as well as construction. Because of restricted 
clearances, poor visibility and the continuous destructive action of natural forces 
there is special need for careful maintenance, regular inspection and rather compre¬ 
hensive renovation and reconstruction. 


7.1. ORGANIZATION AND RESPONSIBILITIES 

OF MAINTENANCE AND SERVICE DEPARTMENTS 

The problems of tunnel maintenance may be divided into two groups: such 
as those concerned with the track or pavement and the others relative to the tunnel 
lining. While this differentiation entirely suits real railway tunnels 71 (particularly 
subways), it is less fitting for highway tunnels and is practically inapplicable 
to navigational and service tunnels. 

Here are the main aspects relating to the maintenance of railway tunnels: 

1. Regular inspection of the tunnel shape, dimensions and clearances; 

2. Inspection and maintenance of the drainage system, waterproofing and track; 

3. Regular inspection of the condition of the tunnel lining (freezing, corrosion 
by fumes and water, weathering, leaching, cracks, deformations etc). 


7.11. INSPECTION OF THE SHAPE OF THE TUNNEL 

The shape of the tunnel is usually checked by mechanical or, more recently, 
by optical measurements, using the centre line of the track as reference line. 

A special carriage with an adjustable platform and telescopic clearance arms 
can be used to measure the coordinates x and y, as illustrated in Fig. 7/1. As an 
alternative the measurements can also be taken from a moving scaffold, provided 
that the latter is sufficiently rigid and the track is in a solid condition, i.e. that the 
position with reference to the centreline of the tunnel is known and well established. 

7,1 Birkel: Die neueren Verfahren der Tunnelunterhaltung, Eisenbahntechnische Rundschau 
1959 223 

33 * 
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The completed sections of the Buda¬ 
pest Subway were checked every 13 ft 
from a special scaffold. The dimensions 
under observation consisted of the distan¬ 
ces from the centre of the section to the 
ends of the vertical, horizontal and 45° 
diameter. The results were plotted to 
scale and superimposed on the clearance 
diagram so that any inaccuracies of con¬ 
struction could be observed at a glance. 
All this was done with a drawing board, 
about 24" x 32", mounted on the frame¬ 
work illustrated in Fig. 7/2 and set up in 
the plane of the section to be checked. 
The plane itself was determined by a 
chalk line between the two ends of the 


A 



F 

Fig. 7/2. Cross-sectioning frame used in 
the Budapest subway 


horizontal diameter, using a level to set 
the board in a vertical position. 

The board itself and the sheet of paper 
on it should be positioned near the axis 
of the tunnel; the point of intersection of 
the latter on the sheet can be determined 
as follows. The theodolite is set up over 
j the nearest station and backsighted to 
the one before. With the upper plate 
clamped, the telescope is turned about the 
horizontal axis and a point is directed on 
line on the sheet. Now the upper plate is 
turned to backsight again to the station 
before, the telescope is turned again and 
another point is marked on the sheet. If 
the two marks do not coincide, then the 
half way between them is to be accepted 
as the one required. A vertical line is 


drawn next with the aid of a level through 
this point and the axis (O)is determined and marked using a level and a levelling rod. 
This is followed by marking the horizontal, vertical and 45° diameters on the sheet. 

With one end of the tape held at point O , the distances can be measured along 
the marked diameters to points B, J, A, F, 1, 2, 3, and 4, respectively. 

In the Moscow Subway as well as in some western European subways the 
fixed frame is substituted by feeler swinging arms and telescopic rods. 7 - 2 


1o : Q 2J 5 5 OP r ENWALLNER ’ F ' : Lichtschn 'tt Profilmessung in Stollen, Geobgie und Bauwesen 
l.z59 25 / 
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A better degree of accuracy can be achieved with the optical clearance diagram 
projector, developed recently 73 . This projector is cylindrical and emits a band 
of light (d wide) all around, clearly outlining the tunnel lining in that particular 
section. This image can be photographed with a camera, mounted concentrically 
with, and at a certain distance from, the projector. A reference distance of known 
length should also be photographed on the same picture so that the outline of 
the tunnel lining can be evaluated precisely with reference to the axis of the projec¬ 
tor and the camera. (Fig. 7/3 indicates an eniarged detail of the section enclosed 
in the square inset.) For best results and sharpest pictures the width of the light 
band, d, should not exceed 1/100 of the radius of the section. This procedure 
can be developed readily into a quick method for checking and comparing a num¬ 
ber of sections, provided that the relative position of the track and the carriage 
is fixed with reference to the tunnel axis. In practice, the accuracy of this method 
has been shown to be about 1/16"—1/8". 

A special type of instrument has been designed in the Soviet Union for measur¬ 
ing the projected line on a trigonometrical basis 74 . This instrument consists 
of a revolving horizontal axis mounted on an upper plate with foot screws. At 
one end of the horizontal axis and perpendicular to it is a fixed telescope with a 
built-in light; at the other end there is another telescope which can be turned in 
a plane passing through the fixed telescope and parallel to the horizontal axis. 
The distance between the two telescopes (A) is the base length. The point projected 
on the lining by the fixed telescope is to be sighted on by the second one; by 
reading the vertical angle the ordinate q can be calculated from o = A tan y 
(Fig. 7/4). To cover the entire section the horizontal axis has to be lined up with 

7.3 Transportnoie Stroit. 1959 and Bautechnik 1960 6 222 

7.4 Minin, P. I.: Pribor dlya proverki gabaritnosti tunnelei (Device for measuring the 
clearance of tunnels) Transportnoie Stroit. 1959 1 
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the tunnel and the first (project¬ 
ing) telescope has to be turned 
about the horizontal axis; each 
point so projected has to be sight¬ 
ed on by the second telescope 
and the polar coordinates of each 
point can then be calculated from 
the recorded angle. 

Deformations of the lining, 
and particularly the development 
of such deformations as a 
function of time will provide val¬ 
uable information on the forces 
acting on the lining and on the 
resistance of the' latter, even 
though the picture is often dis¬ 
torted by inaccuracies in construc¬ 
tion. This, of course, is another reason for starting the measurements immediately 
after construction and for keeping up this practice over a long period of time. 

7.12. INSPECTION OF THE TRACK DRAINAGE AND INSULATION 

The condition of the track as well as the waterproofing and drainage system 
should be checked regularly in order to detect any discoloration of the walls, con¬ 
densed water, water seeping through the joints, efflorescence and corrosion. It is 
particularly important that the components of the drainage system, such as the 
subdrains, drop drains and laterals be checked regularly for silting, clogging 
and cracking. 

71.21. Inspection of the Tracks 

The inspection of the tracks should include a check on the rails and ballast; 
it should also detect any dislocations that may have occurred in the track layout. 
This is particularly important not only because tracks and rails have been observed 
to wear faster in tunnels than on the surface (see Section 72.18) but also because 
of the heavier losses suffered if trains are derailed in tunnels. Since broken rails 
can be the sources of disastrous accidents, the inspection of connections, fasten¬ 
ings and the general condition of the rails should be carried out with exceptional 
care. For this reason and because of poor visibility it is not sufficient to have daily 
routine inspection runs but the condition of the rails should be checked by tapping 
as well, and special mirrors should be used to facilitate inspection from underneath. 
In addition to this, the gauge of the track and the soundness of the rails in sub¬ 
ways have to be checked with special cars (defectoscopes) about twice a month. 



Fig. 7/4. Optical cross- 

sectioning on a trigonometrical basis 
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The horizontal and vertical alignment also has to be checked for dislocations, 
bumps and sags. In the case of subways this also applies to the third rail 
(power rail). The positions of the tracks should be checked with reference to a 
fixed network tied into the walls and this should be done at closer intervals along 
curved sections than on straight ones. 

71.22. Inspection in the Budapest Subway 

In the Budapest Subway the laying and inspection of the tracks are carried out 
on the following basis: 

As mentioned earlier (Section 5.21), a geodetic network and coordinate system 
must be already available when the tunnels and structures are being designed 
and laid out. The laying of tracks has to be done with great precision, particularly 
on curved sections, because the smooth movement of the trains at high speeds 
depends partly on the precise laying of the tracks. 

Because the actual layout of the tunnel will always differ from the design even 
with the utmost care in surveying and in construction, the final layout of the tracks 
can only be determined after precise cross-sectioning of the actual tunnel has 
been completed (Section 7.11). In the design the curved and tangent sections of 
the track alignment are given in the form of equations with reference to the geodetic 
coordinate system. 

While the tunnel is being cross-sectioned a reference point network has to be 
established from which the tracks can be laid out and checked regularly later 
while the tunnel is in service. This network can be marked wifh metal plugs 
(screw spikes) embedded in the concrete lining in opposite positions and at equal 
heights, about every 50-70 ft, with a 1/16" hole marking the reference point 
itself. Such points must be referenced by orthogonal coordinates to an underground 
traverse which in turn should be tied in precisely into the coordinate system of 
the surface triangulation net (Fig. 7/5). For each point the offset from the under¬ 
ground traverse should be determined with a transit set up over one of the adjacent 
stations and lined up with the traverse leg in question; the distance can be read 
directly by the instrument on the tape. The latter should be under sufficient pu 
and moved slowly back and forth to enable the observer to take the minimum 
reading pertaining to the distance at right angles. 



Fig. 7/5. Referencing the completed tunnel for track layouts 
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The accuracy of this operation can be improved by measuring the distances 
between opposite markers and, with the ordinates left unchanged, adjusting the 
abscissae as follows: 

Let a x , a 2 , a 3 and </ 4 denote the abscissae of points 1, 2, 3 and 4, respectively 
(Fig. 7/5), with the respective ordinates b lt b 2 , b 3 and b 4 and with s 12 and s M 
denoting the distances between the respective reference points. Thus 

«2 - = yfs\ 2 - (6j (7.1) 

In most cases 

«2 - a x ^ (a 2 ) - (aj, (7 2) 

where (aj) and (a 2 ) = the measured distances. 

Introducing Aa as the difference between the two differences we get the adjus¬ 
ted abscissae as 

a i = («i) 


,a 2 = (a 2 ) 

In Eq. 7.3 the sign of a x is positive and 

(fli) - (a 2 ) < 

and is reversed if 

(a i) - (a 2 ) > 

If the coordinates are calculated with the adjusted abscissae then the calculated 
distances will always agree with those actually measured. 

Once the coordinates of the reference points have been determined, the points 
of intersections of the tunnel axis with the lines between opposite markers can 
be calculated and actually laid out. 

While the reference points are being measured in, the other characteristic 
points (columns, platform corners, etc.) are also to be included in the measure¬ 
ments, although not necessarily to the same degree of accuracy. 


+ ■ 


Aa 

~ 2 ~ 

Aa 


(7,3) 


that of a a is negative (Fig. 7/5) if 


- a 2 . 


a i - a 9 


7.13. INSPECTION AND MAINTENANCE OF LINING AND TRACKS 

The inspection and maintenance of the tunnel lining and the tracks are usually 
done together. In the case of the Moscow Subway, however, they were separated 
because of the particular importance of the matter. The main object of the linin g 
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inspection is to detect any spalling, deterioration of joints, wet spots, cracks, 
leaching and to determine their spread and also to correct any distortions and 
deformations that may have been found. It is most important that the formation 
of cracks be checked and followed through regular inspection. Such cracks are 
most likely to develop with changes either in the wall thickness or in the external 
loads. The most sensitive points are the portals and the recesses in the linings. 
Changes in external loads may be caused by the physical properties of the soil 
as well as by abrupt changes in the formation of the surface ground (steps). 
Cracks caused by changes in the loads or in the cross-section are perpendicular 
to the tunnel axis. Similar transverse cracks will appear as a result of uneven 
longitudinal support if the tunnel is passing through different layers that are 
perpendicular to its axis. On the other hand longitudinal cracks, i.e. those running 
parallel to the axis, can be traced to inadequate load-bearing capacity of the tunnel 
section. Cracks of this type usually appear along the crown or the spring line. 
The immediate cause, of course, is either an excessive load condition (not allowed 
for in the design) or unexpected bearing conditions. The walls, for example 
may have moved outward either because of the low coefficient of subgrade reaction 
of the surrounding ground or because of voids left between the walls and the 
excavated rock face in the course of construction. This is certainly the cause of 
cracks showing a widening trend toward the intrados. In the opposite case the 
walls must have yielded under excessive lateral pressures, which can also be mani¬ 
fested by cracks along the spring line widening toward the inside. (The cause can 
also be the lack of an inverted arch.) Cracks may also develop along the bottom 
of the walls, being an indication of foundation settlements. Vertical movements 
in general do not cause cracks unless they are uneven, in which case the cracks 
are diagonal in direction and are relatively minor. 

The above causes may result in quite a number of cracks running parallel to 
the centre line of the track. Short cracks are an indication of local overstress and/or 
flaws in the lining material or deficiencies in workmanship. In fact these erratic 
and local cracks may be caused by a wide variety of causes (water table, frost, 
smoke, draft, etc.). 

It is very important to know whether the size of the cracks is increasing or 
not. For this purpose the ends of the cracks should be marked and any increase 
in width should be measured between markers (metal insets, wooden plugs) 
embedded in the wall on either side of thecrack. Minor cracks can also be pasted 
over with a piece of glass or plaster. By observing the distance between the markers 
regularly the widening, 'breathing’, of the cracks can be plotted as a function 
of time. 

If the crack has ceased to show any signs of increase it should be closed 
in order to avoid damage caused by air or water. It should be chiselled out and 
filled with good quality mortar (shotcrete) in such a manner as to ensure 
that it will stick (dovetail shape, wire mesh anchorage etc.). Should the crack 
continue to increase, the cause should be cleared and remedial measures taken 
accordingly. 
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In addition to checking deformations and wall movements inspection should 
also be extended to detect cavities behind the lining. In the case of thin sections 
this can be done by tapping on each stone or on every square yard of monolithic 
lining. 

A muffled, hollow sound is always an indication of a hole behind the wall. 
In the case of heavy sections tapping is not feasible and such sections have to be 
checked by means of dynamic, electric instruments .or radioactive isotopes similar 
to those, used in the investigation of soils. The cavities so discovered have to be 
marked on the wall for further observations and/or repair. It is commonly known 
that holes behind the walls are detrimental, not only because of the loss of compo¬ 
site action with the surrounding ground, but also because of the resulting erosive 
action of groundwater and the spread of weathering, all of which may cause, 
entire blocks of rock to.separate and add to the loads on the lining as well as to 
further enlarge the cavity itself.. 

With linings consisting of cast-iron segments it is usually sufficient to tap on 
them and to check on the grouting holes. The amount of water discharging after 
removal of the plugs from these holes should give an idea of the size of the back¬ 
space (cavity), the direction and maximum dimensions of which can be explored 
with a piece of test wire. 

The maintenance and cleaning of the benches, decorative tiles and of. the entire 
station area also have to be provided for. In the Moscow Subway regular cleaning 
is effected by special mechanical brushes within the stations and by hosing be¬ 
tween the stations. 


7.14, ORGANIZATION OF MAINTENANCE SERVICES 

The organization of maintenance services is bound to be more, elaborate in 
subway systems which form an interconnected tunnel network often hundreds 
of miles long, than in single railway or highway tunnels where such service is 
necessarily only a branch of the general track or highway maintenance and where 
less special attention can be given to all the aspects of maintenance of the tunnel 
sections. In subways, the maintenance of the tracks as well as that of the tunnel 
itself is divided into sections, centered around the stations and/or storage and 
maintenance yards. Materials and small working tools can be stored under the 
platforms of the stations (Fig. 6/167); small offices can also be housed within 
the stations. Storage yards usually have their own workshops and also accommo¬ 
date the heavier machinery, equipment and instruments. 

Another item to be mentioned here is the importance of fire stations and heavy- 
duty fire extinguishers which should always be kept ready for use. The danger 
of sparks generated by electric subway trains combined with dust, oil, various 
electric cables and ties soaked in grease and oil represents a constants fire hazard 
and requires alertness and preventive safety measures. 
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7.15. STORAGE OF MAINTENANCE EQUIPMENT 

Maintenance materials and equipment are stored in various utility and service 
rooms which may also accommodate pumping stations, ventilation plant, lighting 
and power plants, etc. Other premises, serving passengers and traffic in general, 
and housing mechanical equipment have been dealt with earlier in Section 63.34. 


7.2 DETERIORATION AND REPAIR OF TUNNELS 

Because of the importance of railways in transportation and because of the 
practical limitations on maximum gradients most of the tunnels existing today 
are railway tunnels, built in the latter half of the past century, i.e. during the boom 
period in railway construction. This also means that most of our tunnels are 
just about 100 years old, a span of time long enough to warrant the reconstruction 
of almost any type of engineering structure. In the case of bridges, factory buildings 
and other structures the need for reconstruction comes with increased loads 
and traffic for the most part, although it may also be warranted by other reasons 
such as fatigue of materials, weathering and other forms of decay. As far as 
tunnels are concerned the increases are rarely in the volume of traffic, but rather 
in additional clearance requirements (electrification, second track). Increases in 
natural loads are more common (ground pressure) but are still less significant 
than the destructive agents of weathering and the inadequate strength and resis¬ 
tance of old building materials. 

As the development of railway networks may well be regarded as being complete 
in Europe as well as in North America, and because of the world-wide reduction 
in the rate of construction of new railways, it is safe to say that the main problem 
with railway tunnels is not concerned with the construction of new ones but rather 
with the remodelling or reconstruction of old ones. As far as navigational tunnels 
and aqueducts are concerned, however, the situation is different as most of these 
are being built at the present time. The same goes for highway and subway tunnels, 
both of which have been started fairly recently and both of which are still far 
from being fully developed. In these cases, then, the problems of new construction 
outweigh those concerned with reconstruction. We enjoy today, of course, the 
benefits of better and more durable construction materials and the benefits ot 
the experience derived from the construction of the older railway tunnels. All 
these factors have much to contribute when it comes to arresting and retarding 
natural deterioration. 

In his review of the existing railway tunnels in Germany"’ Birkel arrives at 
the conclusion that all these tunnels — unless they have been repaired at least 
once already — are in poor condition to a larger or lesser extent. Actually the same 

Birkel, F.: Gegenwartsaufgaben im Tunnelbau, Eisenbahntechnische Rundschau 1952 
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is true for any other country. This is why most tunnels to be dealt with in the 
following section will be railway tunnels. 

7.21. CAUSES OF DETERIORATION OF TUNNELS 

The causes of the deterioration of tunnels can partly be traced to passive ones 
such as poor building materials and construction methods and partly to active 
ones such as the external loads. Practically speaking, the two groups cannot be 
separated as clearly as that, because the active causes also affect the weathering 
of building materials and in the final analysis the resulting deterioration is a prod¬ 
uct of the effects of both groups. 


72.11. Deterioration due to Defective Materials and 
Workmanship 

One of the most important causes is improper excavation, loosening up extensive 
areas in the surrounding ground, prolonging the consolidation period and also 
opening the way to the erosive action of ground water (excessive blasting, improper 
temporary supports, etc.) Next in order are the old building materials of inferior 
strength and durability, affording less resistance to the forces of nature. Materials 
of this type include the brick, soft sandstone, limestone with marl, slate, certain 
types of cement, plaster made with lime, impervious plaster and waterproofing 
sheets containing organic fibre materials subject to decay. These materials have 
much lower resistance to water, frost, smoke and atmospheric pollution than 
have the modern high strength and well compacted concrete, mortars made with 
Portland cement, waterproof coatings and plastic and foil waterproofing. This 
is why old tunnels deteriorate to a much larger extent than do their modern 
counterparts. Poor construction methods also have a part in this; in the old 
days tunnel linings were not built right up against the excavated ground face 
but were separated from it by loose backpacking that was poorly grouted or 
left ungrouted. Another factor is poor workmanship, particularly common in 
the superficial application of mortar between lining blocks, resulting in poor 
embedment. 


72.12. Deterioration Caused by Water 

The active causes and the effect of water in particular are more important as 
they damage the tunnel in more than one way. Groundwater will stream towards 
the tunnel like to a subdrain and meanwhile will have a number of mechanical 
effects such as wash-outs and silting up the drainage system, enlarging the holes 
behind the lining and loosening the surrounding ground. It will also dissolve 
certain chemicals; its carbonate and chloride content will attack concrete and 
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Fig. 7/6. Icicles in a tunnel 


metal members, its sulphate content will be detrimental to concrete and to the 
cement mortar in the joints. Even clean, unpolluted water is bound to dissolve 
the lime of mortar and concrete. The most severe damages, however, are those 
due to physical effects. The first of these is frost and the bursting action that goes 
with it (Fig. 7/6). The water resulting in frost or ice action may come not only 
from leaching through the joints, and through the lining itself, but also from 
condensation water (natural humidity as well as that caused by steam locomotives). 
Short tunnels, and particularly the vicinity of portals are most liable to suffer 
from frost. It has been observed that tunnels running parallel to an easterly or 
northerly wind direction will experience the heaviest frost damage. Frost will 
affect the railway tracks as well, partly through the formation of icicles (water 
dripping on the rails and freezing up) and partly through freezing the ballast. 
All this may lead to broken rails and derailed trains. The frozen ballast is less 
elastic and creates unpredictable uneven support conditions which may cause 
the rails to break. 

Another physical hazard caused by water lies in the saturation of the surround¬ 
ing cohesive materials accompanied by a reduction in strength and an increase 
in compressibility. For example the softening of the ground under the walls may 
lead to excessive settlements, tilting towards the inside and cracking in the arch. 
If, for example, this softening occurs in a tunnel with no inverted arch, the plastic 
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clay may be pushed from under the walls into the ballast and may dangerously 
impair its strength and elasticity. 


72.13. Damage Caused by Smoke 

Smoke 7 - 6 also can be a source of damage but is less dangerous than water and, 
in fact, would have to be accompanied by water to be dangerous. The sulphur 
dioxide in the smoke will form sulphuric acid with water, and this is aggressive 
to cement and lime. This effect, however, has been observed to be of little danger 
and to be confined to the surface. Old mortar made with lime, for example, was 
affected only to a depth of a few centimetres and the same effect was only a matter 
of millimetres in the case of cement mortar. Slightly more extensive scaling was 
observed on relatively soft limestone and sandstone, whereas the change in the 
structure of vitrified brick and shotcrete was limited to 1 or 2 mm only. Stones 
with a dense structure are not affected by the sulphates at all. The reason for this 
lies partly in the relatively short length (a few hundred yards) of the majority 
of tunnels, where natural ventilation is very effective. In frost-susceptible materials 
the effect of smoke combined with frost is more destructive and can penetrate 
to greater depths. In any case smoke is more dangerous to iron components 
because it greatly accelerates the corrosion of iron in the damp atmosphere. In 
the case of cracks in the concrete cover this will also apply to reinforcing steel. 
The corrosion of reinforcing steel, in turn, will result in more extensive concrete 
spalling through expansion and this is bound to intensify. 


72.14. Damage Due to Atmospheric Conditions 

Atmospheric conditions and temperature changes also affect deterioration. 
Among these are the mechanical effects of drafts, and cracking arising from 
temperature changes; combined with drifting moisture in the air these can be 
summarized as weathering caused by atmospheric action. The weathering of 
stone materials used in tunnel linings varies with their crystalline structure and 
with their sensitivity to the dissolving and aggressive chemical actions of water 
and smoke. 

72.15. Impact Damage 

Impact effects under rolling traffic may also contribute to the decay of tunnels, 
not as a primary cause, but as a factor accelerating and aggravating general deterio¬ 
ration. It is particularly detrimental in widening the cracks and contributing to 
the saturation of the ground as well as to its remoulding. 

,- 6 Raab: Die Schadgaskonzentration in Stollen und Tunneln, Eisenbahntechnische Rund¬ 
schau 1959 410 
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72.16. Damage Caused by Overburden 

Damage caused by the overburden pressure may take more than one form. 
The most dangerous is the actual overburden pressure which will occur primarily 
in tunnels at great depths and in pseudosolid materials • (see Section 31.2). 
It is not uncommon in clayey ground even at shallower depths in which case it 
is associated with squeezing pressures. Deformations and cracks due to actual 
overburden pressures are most likely to be encountered in limestones and clay 


marls of the Tertiary Era. , . 

Increases in overburden pressures may be brought about by wash-outs and by 
the loosening effect of the groundwater as well. This is why nowadays the objec¬ 
tive of tunnel waterproofing is to keep the water out of the tunnel and push it 
back into the ground rather than to attempt to intercept it and drain it inside. 

Another possible cause of subsequent increases in the overburden pressure is 
the disturbance and disruption of the developed equilibrium around the tunne 
by any subsequent excavation of adjacent cavities or by the installation of exterior 
type waterproofings etc. All of this may result in pressure superposition and in 
further extension of the loosened zone. Problems of this nature are to be expected 
particularly with excessive blasting operations either due to excessive charges 
or when too long drill-holes are used. 

It is common experience that tunnel portals are subjected to considerable addi¬ 
tional pressure due to progressive weathering and sliding of the supported slopes 
Because of these differential pressures the portals may be separated from the actua 
tunnel itself. Additional pressures of this type may also develop over the entire 
adit section of the tunnel. It goes without saying that both frost action and in¬ 
creases in the pressures are most likely to affect the adit section to the largest 


extent. 


72.17. Deterioration in Pressure Tunnels 

Turning now to pressure tunnels the most important trouble spots are the cracks 
and the corrosion of reinforcing steel in the lining, caused by the hoop stresses 
in the lining and by the escaping water, respectively. There may be a number of 
reasons for the development of cracks: one only has to think of the high allowable 
stress (and strain) in the reinforcing steel, of the inevitable gaps and imperfect 
grouting between tunnel lining and surrounding rock, of the excessive blasting 
operations and the resultant loosening all around andwff the vast difference between 
the modulus of elasticity of concrete and the surrounding ground. The absence 
of groundwater can also expedite the escape of water through the cracks. 


7,7 Rothpletz, F.: Woran leiden unsere Eisenbahntunnel, Schweizerische Bauzeilung 
1918 Febr. 
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72.18. Damage to Railway Tracks 

High humidity, corrosion and unfavourable maintenance conditions have 
rather adverse effects on the tracks in railway tunnels. Because of limited space, 
poor visibility, inadequate ventilation and limitations on the time available for 
maintenance the cost of track-maintenance in tunnels is twice as much as on the 
surface. Even the rails will wear faster because of the corrosive atmosphere and 
because of the skidding and grinding of wheels on the wet and often sand-strewn 
surface. Steel ties are not practicable for use in tunnels because of corrosion and 
because of the creation of undesirable noise. As a result of these considerations, 
the object today is to reduce the labour required for maintenance, leading to the 
use of heavy rail sections over extended lengths and to a solid connection between 
the tracks and the bottom of the tunnel. The above considerations have led to 
special track systems, particularly in subways. 7 - 8 


72.19. Maintenance of Cables 

Because of the danger of corrosion the various cables, galleries, lights etc 
inside the tunnel also require special attention. In railway tunnels used by steam 
locomotives, for instance, the electric cables have to be protected by a lead coating. 
On the other hand, in subway tunnels the danger of stray-currents - due to the 
electric trains - and soil corrosion require extra care in the insulation of ah metal 
parts. 

7.22. REPAIR AND RECONSTRUCTION OF TUNNELS 

Repair of tunnels generally comprises the following items : 7 - 9 

1. Repairs to the drainage system to avoid frost and icing damage to the lining- 

2. Reinforcement and/or replacement of sections of the existing lining because 
of inadequate strength; 

3. Reinforcement of face lifting of certain part's and members of objectionable 
appearance; 

4. Additional clearance requirements, such as those required for the construction 
of a se.cond track; 

5. The addition of utility rooms and plants (refuge niches, ventilating plant, 
storage rooms, weepers and subdrains, shafts, pumping stations, etc.). 

Items 1, 2 and 4 will be considered in detail below; the others are of specific 
nature and can be carried out accordingly. 

78 Dandu r °v M. I.: Tonneli (Tunnels). Gos. Transheldor. Zdat., Moscow 1952 513. 
Cf. also: Paterson, W. N.: Subway Construction in Toronto Address to International Cong¬ 
ress in Berlin on Underground Traffic Facilites 1963 and Cf. also: Lucas, G.' Ber Tunnel 
trnst. Berlin 1920 

’• 9 Dandurov, M. I.: Tonneli (Tunnels). 389 
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72.21. Repairs to the Drainage System 

As mentioned earlier, the most severe damage is caused by water and, thus 
reconstruction and repair work, in general, should be aimed primarily at protection 
against water. There are two alternatives for such protection: the water can be 
kept out of the tunnel altogether in which case the infiltration of groundwater 
should be prevented and it should be sealed out completely, or the water may 
be allowed to penetrate the tunnel but in a controlled manner through special 
subdrains so that it can be intercepted and removed regularly. A disadvantage 
of the first method is that the tunnel lining has to carry the hydrostatic pressure as 
well as the overburden. It has to be constructed in a box-like (closed) form (with 
an invert); in addition, waterproofing can be also rather complicated and expensive 
to construct, particularly if it is done on the extrados. On the other hand, there 
is no danger of disturbing the equilibrium of the surrounding water-bearing 
ground, no continuous underground streams and no danger of wash-outs accom¬ 
panied by a loosening and saturation of the surrounding ground. The second method 
is not without drawbacks either, because the construction on an interceptor 
drainage system behind the tunnel lining is a complicated and expensive proposi¬ 
tion, not to mention the problems of maintenance and potential damage by wash¬ 
outs, loosening of the surrounding ground and increases in the overburden 
pressures brought about by the facilitated streaming of water directed towafds 
the tunnel. The construction of special drainage galleries and adits is also expensive, 
and it relieves the immediate vicinity of the tunnel from wash-outs and loosening 
only to a limited extent. This is why the first method, i.e. exclusion of water 
s the one being favoured today. 

72.211. Repairs aimed at the exclusion of water. It is a common observation 
in old tunnels that the lining is often not in tight and firm contact with the excavat¬ 
ed face and the overbreak has been filled by stone backpacking, acting as a filler, 
laid in lean mortar or with no mortar at all. While this layer was supposed to 
intercept and drain the groundwater this could not be done without the cement 
being dissolved and without wash-outs developing in the surrounding loosened 
ground. This has led to the collapse of the "'stone packing”, leaving innumerable 
holes and cavities behind, which in turn have induced additional overburden 
pressures. The best way to repair a tunnel suffering from such defects - and to 
solve the problem of drainage at the same time - is to remove the old lining, ring 
by ring, and replace it with a good quality, solid and impermeable concrete lining, 
built tight up against the natural ground. If the inner load-bearing wall is in an 
otherwise acceptable condition, it may be worth while to try to grout the stone 
fill behind the lining thoroughly. By the way, grouting is not only an effective 
and economical way of waterproofing, but it is also very good for reinforcing exist¬ 
ing linings and for reducing overburden pressures. This is particularly effective 
for near-circular sections, because the pressure due to grouting will create ring- 
stresses, which, while adding to the compressive stresses, may also pull in the thrust 


54 Sz6chy: The Art of Tunnelling 
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line within the inner third. At the same time, it will fill the holes and cracks and 
will eliminate loosening in the surrounding ground to a large extent. Furthermore, 
it will increase the modulus of elasticity of the ground, reduce the external pressures 
on the lining and promote composite action between lining and supporting ground 
(Section 63.22). It should be remembered, of course, that hydrostatic pressures 
are also bound to increase as a result of grouting. The grouting material should 
be selected with the pore content and void ratio of the surrounding ground kept 
in mind. While in the case of sizeable voids the grout should consist of a cement- 
mortar made with coarse sand, soils with a lot of fine particles should be grouted 
with a cement slurry, with sodium silicate and bentonite added as plasticizing 
agents. Grouting holes should be spaced evenly about every 2-3 m (7-10 ft) 
around the perimeter with variable penetration depths up to 6 m (20 ft) deep. 
Reference is made to Section 63.22 regarding the details of grouting operations. 

(It should be noted that if, in the course of repairs, grouting is applied only 
to certain sections that appear to be saturated or show other signs of damage, 
the displaced water has to find some other outlet and may leach through other 
sections of the lining that were dry before, thus creating new problems and potenti¬ 
al frost-susceptible trouble spots.) 

Another way to exclude water from the lining is to apply some waterproof 
coating. Of the two alternatives the exterior type waterproofing has the advantage 
that in carrying the hydrostatic pressure it is supported by the fining, which also 
means that there is no need for a special internal load-bearing wall. Also, it will 
protect the fining against aggressive groundwater. On the other hand, it does 
have the drawback that its complementary application is very difficult and expen¬ 
sive and almost impossible to achieve in a perfect manner. As it requires the exca¬ 
vation of an additional annular space outside the extrados of the lining (Fig. 7/13) 
it will inevitably lead to loosening the surrounding ground and, thus, increasing 
the overburden pressure. The subsequent fining and backfilling of this space 
require much material and labour, by far exceeding the cost of the interior type 
waterproofing including the inner load-bearing wall. And, still worse, any imper¬ 
fection or damage inflicted on the exterior type waterproofing is extremely difficult 
to locate and the extrados has to be re-exposed for repairs. 

The subsequent application of exterior type waterproofing has to begin with 
cutting a hole in the fining and excavating a parallel drift either at the crown or 
at the spring line (Fig. 7/7). The application of a crown-drift is to be avoided if 
possible at all, because it will require special props in the vicinity of the hole 
rendering access and material transportation extremely difficult. Before placing 
the exterior type waterproofing, the extrados has to receive a mortar finish which 
must be artificially dried. Regarding the quality and preparation of the water¬ 
proofing the reader is referred to Section 46.2. The simplest form of the exterior 
type of waterproofing is grouting, provided that this is feasible. The materials 
for grouting include various cement mortars and suspensions with plasticizers 
and bentonite added as admixtures. Hot-poured bitumen may be used for this 
purpose also and for the repair of waterproofing, too. 
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a.) Break-out at springing 




Arch support mad ,? 
cf rail section 


Fig. 7/7. Break-outs facilitating lining repairs 

and the subsequent construction of exterior type waterproofing: 
(a) at the springing 
C b) at the crown 


Once the tunnel lining has been completed it is much simpler and less dangerous 
to apply the interior type of waterproofing as a supplement. Admittedly, interior 
type waterproofings do not protect the lining from aggressive chemicals and they 
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do require a separate support to resist hydrostatic loads. A practical method of 
application is to rub down the intrados and provide drain grooves in the lining 
(Oberhasli-method, Fig. 7/8), apply a coating of bituminous or plastic sheets and 
construct the required load-bearing reinforced-concrete ring inside. In the simpler 
cases the drain groove system is covered by impervious shbtcrete only, in which 
case there is no need for a load-bearing wall because any small quantity of leaching 
water will be removed by the drains thus preventing the building up of a head. 



Fig. 7/8. Surface drains provided after censtruction 


It is most important with interior type waterproofings, however, that the lining 
should be in a consolidated condition and that it should be dry. In other words, 
it can best be used in solid and stable rock where further deformations of any 
consequence are not to be expected. Whenever there are considerable overburden 
pressures to cope with, the waterproofing should not be applied until the settle¬ 
ment period is over. Another problem may arise from the settlement and shrinkage 
of the inner load-bearing reinforced-concrete ring. In such a case the disconti¬ 
nuities and cracks may be repaired by grouting with hot asphalt. Unfortunately 
the joints of grouting tubes to the waterproofing are usually vulnerable spots. 

Recently, plastic sheets have also been used successfully in interior type water¬ 
proofings (Section 46.2). It takes only minor preparations to the old lining (rubbing, 
drying) and does not require the lining to be dried out completely. Thermoplastic 
splicing of the plastic sheets eliminates the usual problems of joining waterproofing 
units and affords perfect impermeability and unimpaired strength. From inside, 
the plastic sheets are supported and protected by precast-concrete blocks. Since 



DETERIORATION AND REPAIR 


853 


there is no hydrostatic pressure 
to carry, this lining need not be 
more than 6" - 8" thick, which 
can be accommodated - in most 
cases from the point of view of 
clearances (Fig. 7/9). If there is a 
continuous infiltration of water 
as well, it is best to collect this 
by the drain-net illustrated in Fig. 
7/8 before the waterproofing is 
applied and to drain it through 
a bottom conduit. 

It is more economical and still 
simpler to cover the prepared, 
cleaned and roughened lining 
with shotcrete. This can be made 
self-supporting by using a wire 
mesh, anchored in the wall and 
applying the shotcrete in layers 
to an overall thickness of several 
inches (Section 61.315). Through 
the anchors the resulting solid 
self-supporting ring will also 
bring about a certain amount of 
composite action between the 
new and the old lining (Fig. 
7/10). With this method it will be 
necessary, however, to dry out the 
existing lining completely and/or 
to provide the drain grooves 
(Oberhasli) described above. 

A new method, called “Aero- 
cem”' 10 can also be used with 
good results for waterproofing. 
An air entraining agent (Terpol) 
is added to the water before the 



Fig. 7/9. Interior waterproofing with plastic sheets 
provided after construction 



latter is added to the mixture of Fig. 7/10. Anchorage and structure of 

dry sand and cement, resulting in reinforced-shotcrete lining (“Aerocem”) 

a shotcrete plaster with entrained 

air. The entrained air renders the plaster more elastic and more suitable for un¬ 
interrupted application and enables it to penetrate deeper into thejoints (Fig. 7/10b). 


" 1<l Protopokadis, P.: A New Method for the Mechanical Pointing of Brick Work, 
Civil Eng. and Public Works Review 1954 May 
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The application of impervious cement mortar is an even simpler method of 
waterproofing. Details of its composition and preparation can be found in 
Section 46.2. 

In old tunnels it is most important that the old surface be stripped completely 
off the weathered layers before plastering and that the joints be scraped out 
thoroughly. It may also be necessary to apply sand blasting and to use wire mesh 
reinforcement properly .anchored into the fining. 

Interior type waterprcofings have been constructed most recently with plastic 
materials shot at the existing fining. The ‘Torkret GmbH.’ construction company 
has used epoxy resin and fibreglass materials for this purpose after drying the 
lining with infrared lamps and has produced a material that adheres to the wall 
perfectly, has a tensile strength of 1500 kg/m 2 (21 000 psi) and is highly resistant 
to acids, alkalines and tear and wear. Because of the perfect adhesion a supporting 
wall is not required. However, experience with materials of this type is rather 
limited at present (cf. also Aquarex, made in Austria). 

If the amount of infiltrating water is relatively small and is entering through 
the joints only then the repairs may be limited to scraping and cleaning the joints 
thoroughly and filling them with waterproof mortar. Under dry conditions this 
may consist of applying a number of layers of various mixes; in a wet environ¬ 
ment half-round pipes should be placed behind the pointing (Fig. 7/11) to form 
a system suitable for draining the intercepted water. 


a) Waterproof pointing 


Half round 

Pipe 


^ Old mortar 


r 


| 

Vs ^ 

X j min. 15 cm 

i 

p New mortar made with Sika , Tricosal 


or other sealing ad mixture 



1st layer 7 cement ■ sand 
2nd layer 12 cement sand 
3rd layer h3 cement sand 
4 th layer /•• 1 cement sand 


Fig. 7/11. Re-pointing the joints of old, weathered stone or concrete block linings 
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Both interior waterproofing and pointing will require a mobile stage such as 
the one used for the control survey and inspection of tunnel cross-sections. Various 
types of stages are illustrated in Fig. 7/12a-c. The most difficult problems in 
tunnel repair are the need for maintaining traffic during constructional operations, 
the limited working space that is available and the short periods of time during 



Fig. 7/12. Scaffolding types for lining inspection and repair 


which work can be carried on undisturbed by traffic. For this reason, special 
consideration must be given to the structure, mobility and clearance requirements 
of the stage. 

72.212. Repair by controlled drainage. In this method the object is to control 
the groundwater that is seeping towards the tunnel. This can be done in either 
one of two ways: in the first the danger of wash-outs is avoided by intercepting 
the water by collector drains and discharging it into a conduit; in the second a 
special drain gallery is constructed parallel to the tunnel. The latter method has 
been known for centuries in the mining industry; generally speaking, it is more 
effective but also more expensive. 

Tunnel drainage by interceptor drains outside the tunnel used to be a standard 
procedure in the last century; the water was piped and discharged into a drain 
conduit constructed inside the tunnel. 

Although stone backfill placed outside the extrados also has a number of prob¬ 
lems (such as subsequent increases in pressures, etc.) it does intercept the ground- 
water seeping towards the tunnel and drains it into longitudinal drain pipes running 
at a slope along the spring line or along the wall base. These pipes are connected 
in turn, to laterals passing through the lining at a gradient of 3 % — 5 % and spaced 
at about every 25 - 50 ft (Fig. 4/128). 

From the point of view of statics such drainage of the groundwater is most 
desirable because most of the hydrostatic pressure is eliminated. More details 
about this type of drainage can be found in Section 46.3. 
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IG. 7/13. Layout of ventilation and drainage arrangements in a tunnel in Budapest 


more drastic drainage measures are required, the alternative to be considered 
at in which a special drain drift is constructed outside the tunnel. An example 
jpplementary drainage arrangements is illustrated in Fig. 7/13, showing the 
ui and cross-section of the drain gallery constructed in a tunnel in Budapest, 
ould be noted that the size of the gallery was established to allow inspection 
maintenance. 

om the aspect of vertical layout it is better to keep the bottom of the drain 
ry somewhat below that of the tunnel. In stratified ground the drain gallery 
Id be located on the side from which the strata are falling in order to infer¬ 
tile water before it reaches the tunnel. Collector drains, like ‘feelers’, can be 
id out from the drain gallery if required, primarily in the direction of the 
el so as to draw the water away from the tunnel area. This can be done from 
cal risers which are spaced along the gallery and from which the ‘feeler’ 
is can be started in a radial pattern (Fig. 7/13). 

•ain galleries may be already needed during the construction of the tunnel if 
>r inrushes of water are being encountered. In this case it is obviously advan- 
ius to design such temporary galleries in such a way that they can be made 
of the final drainage system once the tunnel construction has been completed. 


Repairs of th 
creting. This s 
rather than s 

( certain struct i 
The first prc 
lining element 
ments.) In mo 
by new ones - 
a number of s 
cast in situ rei 
for cast-iron s 
have to be sup| 
in concrete. 

Entire sectic 
forcing rings c 
be dried out ai 
protect the ins 
that this can b 











856 


SERVICE, OPERATION AND MAINTENANCE 



Fig. 7/13. Layout of ventilation and drainage arrangements in a tunnel in Budapest 


If more drastic drainage measures are required, the alternative to be considered 
is that in which a special drain drift is constructed outside the tunnel. An example 
of supplementary drainage arrangements is illustrated in Fig. 7/13, showing the 
layout and cross-section of the drain gallery constructed in a tunnel in Budapest. 
It should be noted that the size of the gallery was established to allow inspection 
and maintenance. 

From the aspect of vertical layout it is better to keep the bottom of the drain 
gallery somewhat below that of the tunnel. In stratified ground the drain gallery 
should be located on the side from which the strata are falling in order to inter¬ 
cept the water before it reaches the tunnel. Collector drains, like ‘feelers’, can be 
spread out from the drain gallery if required, primarily in the direction of the 
tunnel so as to draw the water away from the tunnel area. This can be done from 
vertical risers which are spaced along the gallery and from which the ‘feeler’ 
drains can be started in a radial pattern (Fig. 7/13). 

Drain galleries may be already needed during the construction of the tunnel if 
major inrushes of water are being encountered. In this case it is obviously advan¬ 
tageous to design such temporary galleries in such a way that they can be made 
part of the final drainage system once the tunnel construction has been completed. 
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The profile of drain galleries should be such as to allow 
drainage by gravity, if possible. If this is not possible, then a 
system of collector sumps and pumping stations must be in¬ 
corporated in the layout (Kandevan tunnel, see Fig. 7/24). 

72.213. Repair by mechanical ventilation. In simple cases 
where the amount of percolation and condensation water is 
small, the use of mechanical ventilation may be effective. The 
drying effect of agitated air may be sufficient to avoid frost 
damage in the lining. As an additional benefit, the smoke and 
fume content of the air will be diluted and removed. This will 
be hygienic and will also prevent the formation of aggressive 
solutions from gases and water. Natural ventilation can also 
be helpful, particularly if augmented by the circulation of the 
air by traffic. In subways, for example, there is no need for 
the removal of percolating water or wet spots on the lining at 
all - unless there is a danger to the condition of the lining itself. 


72.22. Repair of Linings 

Some of the simpler problems such as weathering, scaling, 
cracking, etc. have already been dealt with in connection 
with maintenance and inspection. The scaling, weathering 
and chipping of natural rock due to fumes and smoke in 
tunnels left with a bare rock face fall into the same category. 
Repairs of these types are most easily performed by sandblasting and shot- 
creting. This section deals with repairs designed to reach the causes of the trouble 
rather than superficial repairs. Such repairs will necessarily have to involve 
certain structural changes and reconstructions. 

The first problem to be mentioned here is the replacement of broken or cracked 
lining elements: (Stone or concrete blocks, cast-iron or reinforced-concrete seg¬ 
ments.) In most instances it is extremely difficult to replace the defective units 
by new ones - one only has to think of the radial joints - and for this reason 
a number of substitutes will have to be used, such as concrete for stone blocks, 
cast in situ reinforced-concrete or bent steel liner-plate with welded rib stiffeners 
for cast-iron segments. While the replacement is in progress, the adjacent units 
have to be supported by steel props which may be left there eventually and encased 
in concrete. 

Entire sections of lining can be repaired under the protection of inside rein¬ 
forcing rings or a second lining. This method also allows the existing lining to 
be dried out and covered with continuous waterproofing which in turn will also 
protect the inside wall constructed subsequently. It is not very often, however, 
that this can be done without encroaching into the clearance area. To keep such 
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encroachments to a minimum, it is advisable to 
use fairly thin secondary linings acting as slabs 
between steel or reinforced-concrete ribs or 
beams countersunk and embedded into the 
existing lining (Fig. 7/14). 

It may happen in exceptional cases that the 
existing tunnel carrying two tracks may be re¬ 
constructed to carry a single track only (recon¬ 
struction of the Semmering tunnel. Section 
72.331) in which case there is plenty of space for 
the construction of a heavy load-bearing lining 
inside (Fig. 7/20). Provisions for waterproofing 
between the old and new lining do not present 
any problems in this case. 

If the deformations are caused' by excessive 
external loads rather than by defects in the lining 
itself the cracks have to be stopped by elimin¬ 
ating the movements that cause them. The first 
thing to do is to support the lining by curved 
scalfolds, made up of bent rails, T-, H- or /-sec¬ 
tions well braced in the longitudinal direction. Most cracks can be traced back to 
movements of the walls. An outward tilting of the walls about the bottom corner 
is usually an indication of additional loads on the arch or of erosion due to 
leakage behind the wall itself. Deformations of this type are accompanied by 
settlement of the crown and haircracks nearby, enlargement of the span at 
springing height and wide longitudinal cracks along the spring lines. Repairs 
should begin with the grouting of cavities and soil stabilization behind the spring¬ 
ing® and with stabilization of the strata above the arch. Should this prove in¬ 
sufficient or if the arch shows signs of early collapse it has to be replaced, ring 
by ring, with reinforced-concrete or cast-iron segments of greater strength 
A parallel adit should be driven behind the spring line at the same time, from 
which the spring section can be thoroughly reinforced and bricked up tightly 
against the natural ground. Care should be taken in driving the adit that the 
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excavation is closely followed by the backfilling operation. Openings should 
be provided every 5-8 m (10-20 ft) from the tunnel to facilitate the transportation 
and handling of materials (Fig. 7/15a). 
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There may also be another possibility: the walls may move and/or tilt inward 
under excessive lateral pressures. Repairs should begin with the construction of 
an invert and with soil stabilization behind the walls in order to reduce lateral 
pressures (Fig. 7/15b). The invert should be constructed ring by ring while main¬ 
taining traffic - the use of structural steel encased as rigid reinforcement in con¬ 
crete has many advantages to offer in this respect. If the movements have reached 
such proportions as to endanger the stability of the walls and particularly that of 
the arch, the answer lies once again in the ring by ring construction of a thin but 
firm lining inside (steel or reinforced concrete. Section 72.332). 

If the load-bearing capacity of the existing lining is rather doubtful - either 
because of movements or wash-outs and frost action - and there is no room for 
a second lining inside because of clearance considerations, then the existing lining 
has to be removed and replaced, ring by ring. The new lining must be of adequate 
strength and must be waterproofed. 

Fig. 7/16 illustrates a case in which the entire existing lining had to be recon¬ 
structed while maintaining traffic. 711 An adit for the haulage of materials was 
constructed first from which a number of riser shafts were driven up above the 
crown line. From here another horizontal adit was constructed to the centre 
line of the tunnel to provide access to the longitudinal adit above the centre line 
from which the reconstruction of the lining was to be carried out. A steel frame¬ 
work, supportin g the existing lining, was 
erected prior to starting demolition and 
then an opening was cut into the ground 
under the adit right down to the crown¬ 
line. The section was then fanned out 
fully with the aid of lateral forepoles and 
crown bars while longitudinal beams 
resting on the steel framework were sup¬ 
porting the posts. After removing the ex¬ 
isting lining and the ground immediately 
behind it, the new lining can bestbe con¬ 
structed with concrete pumped into place. 

In some instances there is no need 
for reconstructing the entire lining and 
the repairs can be confined to the arch. 
It may be possible to do this from the 
inside (Fig. 7/17) by erecting a steel 
framework and then working toward the 
outside; the overburden loads in the 
meantime have to be transmitted by tem¬ 
porary posts to the steel framework. All this can be done best from a mobile stage; 
there will, however, be lengthy interruptions caused be the movement of traffic. 

711 Dandurov, M. I.: Tonneli (Tunnels). Gos. Trans. Zheleznodor. Izdat., Moscow 1952 



Fig. 7/17. Arch reconstruction 
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7.23. REMODELLING AND RECONSTRUCTION OF TUNNELS 

Because of additional clearance requirements of the electrification of railway 
lines and the construction of additional tracks, a tunnel carrying such lines 
has to be reconstructed. Although less frequently, a tunnel may also have to be 
reconstructed because of damage caused by subsidences, breakdown and excessive 
blasting. 


72.31. Reconstruction for Operational Demands 

In order to accommodate a second track, the tunnel section may be widened 
on both sides, in which case the existing lining is not to be demolished until the 
new one has been completed (Fig. 7/18a). This method is most practicable when 
working under poor soil conditions and considerable pressures. Work can be 
started from a top heading above the crown line, with excavation proceeding 
from the top and then constructing the lining in an uninterrupted sequence from 
the bottom (Fig. 7/18a) or from drifts at the bottom of the section. In the latter 
case the new lining must be constructed in lifts following the excavated height of 
the drifts (Fig. 7/18b). The first method is limited to firm soil conditions, the 
second can be used in poor soil as well. 


Fig. 7/18. Symmetrical 
widening of a 
single-track tunnel 
to two tracks 
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It is also possible to widen the tunnel section to one side (Fig. 7/19). This is 
feasible only in grounds having considerable strength; the existing arch has to 
be supported temporarily at the joint with the new lining. 

In case of electrification the tunnel section has to be deepened, requiring the 
reconstruction of the arch and the heightening of walls. Basically the procedure 
is the same as the one illustrated in Fig. 7/18a. The load-carrying capacity of the 



Fig. 7/19. Tunnel widening to one side (single track to two tracks) 


section is usually not impaired by making it higher, unless there are heavy lateral 
pressures to contend with, in which case a system of countersunk rib stiffeners 
may be effective without extensive remodelling of the walls. 

72.32. Reconstruction because of Decay and External Effects 

Reconstruction due to breakdowns and blasting operations is an extremely 
difficult problem as it amounts to tunnel construction through a mixture of mate¬ 
rials that have been loosened-up over extensive areas and through rubble from 
the collapsed lining. If the cover above the tunnel is not too deep then it may be 
well worth abandoning the tunnel altogether and going into an open cut. 

If the cover is considerable, however, the chances of arching effects re-developing 
during construction are much better. Using the German or Italian method com- 
med with careful driving and effective underpinning (steel sections encased in 
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concreted'. Fig. 7/14) it may be possible to reconstruct the tunnel even though it 
has to be designed to take heavier loads. It is advisable to use pilot headings in 
order to explore the sections of the walls and invert which may have been left 
undamaged so they can be reutilized in the new structure. In this respect the pro¬ 
cedure is similar to widening a tunnel from one track to two tracks. 

The reconstruction of subaqueous tunnels is even more difficult. As a matter 
of fact it may be simpler as well as more economical to construct a new tunnel in 
a new location rather than to attempt to reconstruct the old one. In reconstructing 
a shield-driven tunnel the first thing to do is to build up a heavy impervious and 
airtight blanket of clay from the top. Next, an airtight floor can be constructed 
in the undamaged shaft. Thus, the tunnel can be cleaned and the defective seg¬ 
ments replaced under compressed air and the entire interior can be reconstructed 
in successive stages. Keeping pace with the progress of the work the area under 
pressure is moved forward all the time with shifted bulkheads and airlocks 
(cf. Fig. 6/174). The problemsJDecome enormous at places where the old lining has 
totally disintegrated so that the remnants have to be removed as well. This can 
best be done with a shield assembled within an undamaged tunnel section (i.e. 
smaller than the original shield) and using temporary lining segments. The tem¬ 
porary lining has then to be changed into the final one, piece by piece, with an 



support 


Fig. 7/20. Expanding a tunnel section with segments 
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erector arm (i.e. without a shield, Fig. 7/20). 712 Because the difference between 
the sizes of the temporary and final linings is rather limited, in large tunnels it 
may be worth considering driving a pilot heading 2-50-3-0 m (8-10 ft) diameter 
first of all, from which the disintegrated zone can be artificially stabilized by 
injections (cf. Fig. 6/149). Such stabilization may be helpful in the construction of 
the temporary and final lining as well. 

Relatively speaking, it is more fortunate if the approaches of the tunnel have 
been destroyed rather than, the section below the river bed as the risks of a blow¬ 
out are less. Even in this case, however, reconstruction-from underneath is very 
complicated and expensive as manifested by the example of the tunnel under the 
Escaut in Antwerp. This tunnel was blown up during World War II with 24 tons 
(metric) of explosives detonated in one of the ventilation shafts. Some 540 m 
(1800 ft) of tunnel lining was damaged by the terrific blast, a considerable por¬ 
tion of which consisted of cast-iron lining segments located in the shield driven 
section. In spite of the more than 25 m (80 ft) cover above the tunnel the recon¬ 
struction was carried out from the top in a huge open cut, protected by multi¬ 
stage well points, rather than from the bottom, as mentioned earlier.' 13 This, 
in itself, is an indication of the magnitude of the problems to be encountered in 
the method of tunnel reconstruction described above. 

72.33. Examples of Tunnel Remodelling 

72.331. The Semmering tunnel. This tunnel, about 1470 m (4900 ft) long, was 
built between 1848 and 1852. Because of unfavourable geological conditions (Chapter 2) 
several problems arose during the actual construction (cf. Fig. 2/25). These problems were 
solved although the lining was built to construction standards that would be considered 
unacceptable today. In spite of serious infiltration of water the lining has not been waterproof¬ 
ed, resulting in all sorts of repairs immediately after opening the tunnel and these repairs 
went on for 100 years, i.e. until the tunnel was completely reconstructed. Owing to the 
defective lining, considerable pressures and continuous damage, caused by fumes and water, 
the lining has deteriorated and deformed to the point where maintenance costs reached prohib¬ 
itive proportions and the tunnel could no longer perform its function safely. About 30% 
of the tunnel lining was loaded to the limit of its bearing capacity and another 50% was 
rapidly approaching this condition. Between 1947 and 1949 about 260 m (850 ft) of scaffold¬ 
ing had to be provided to protect trains from spalling rock and icicles. Because of plans 
for electrifying the railway line the tunnel finally proved to be inadequate from the point 
of view of clearances as well. 

All these considerations have led to the reconstruction of the old double-track tunnel into 
one with a single track. A separate tunnel was constructed for the other track.'- 14 The cross- 
section of the reconstructed tunnel is illustrated in Fig. 7/21. Preliminary studies have indicated 
that the most economical solution was to construct the new lining right up against the old 

712 Jones and Curry: Enlargement of the City and South London Railway Tunnels, 
Proc. Inst. Civ. Eng. 1927 224 176 

713 De Broe, H.: Les tunnels sous 1’Escaut a Anvers. La Technique des Travaux 1947 
Mars 

714 Rainer, H.: Der Umbau des alten zweigleisigen Semmeringtunnels, Ost. Bauzeitschrift 
1953 11-12 
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one even though this was to result in a surplus 
of clearances that otherwise would not have 
been necessary. Because of the considerable de¬ 
formations of the old lining and because the 
new lining was constructed to a constant thick¬ 
ness, the reconstructed section is not uniform 
and has a variable width of 6'60—7 - 0 m (21'—8 
to 23'-0"). The concrete was placed with the 
aid of mobile scaffolding (Fig. 7/22) and con¬ 
crete pumps (5 0-5 5 atm and 9 m (30 ft) sec 
velocity). A total of 3500 m 3 (45 OOOcuyd) of con¬ 
crete was poured while traffic was being main¬ 
tained. To provide an impervious concrete the 
concrete mix had to be designed very carefully 
on the basis of trial mixes (half and half 0—7 
mm (0-1/4") and 7-50mm (l/4"-2") aggregate Fig. 7/21. Cross-section 
with about 25 % hard rock quartz-silicate con- of the reconstructed 

tent, 370 kg/m 3 (440 lb/cuyd). Portland cement, Semmering tunnel 

50 krg/m 3 (80 lb/cuyd) trass and occasionally 13-5 
kg/m 3 (22 lb/cuyd) plasticizer for better worka¬ 
bility). The resulting concrete was, indeed, impervious and for this reason no waterproofing 
has been provided between the old and the new lining - at least not for the time being. It 
would have been rather expensive to adjust the old lining, deformed and damaged by frost, 
to afford a smooth surface for the waterproofing, so it was decided that should waterproofing 
still be required at some future date it should be applied to the inside face of the new lining. 
This would be supported by another (third) lining, made of ashlar stone blocks, suitable 
bearing surfaces for which were provided along both edges of the invert slab (Fig. 7/21). 
This arrangement has not proved to be altogether successful, however, as shrinkage cracks 
have developed in the new lining, allowing water to percolate in a number of places. Drain 
grooves were then provided to collect and discharge the water into the drainage system. 
Similar provisions were made at all joints between abutting lining sections. “Opanol artificial- 



Fig. 7/22. Mobile scaffolding in the 
Semmering tunnel 



55 Szechy: The Art of Tunnelling 
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resm waterproofing sheets were provided at these construction joints right from the beginning 
The old lining has been dried out very carefully, mainly through grouting the holes behind 
the lining and through dram grooves on the inside faces (Oberhasli method, cf Fig 7/8) 

wJ w, Pt f fi F ^ ea « ent t0 pr0t6Ct against cor >-osion by fumes, the inside concrete face 

as left unfinished. Traffic was maintained during construction and the second new single 
track tunnel was constructed simultaneously (1949-52). Excavation for the inverts and con¬ 
struction of the arch had to be done with extra care throughout these operations because of 
the previously experienced bottom heaving. P use OI 

. r 72 .' 33 3' Tf * 6 B °' F f e P Tunnel - This tunnel Is 1180 m (3850 ft) long, near Hastings 
(England) and was bu.lt in “ Wadhurst clay” i.e. in alternating layers of sand clay sandstone 

35 nTm 5 m rh 1 " 8 m0Stly Under bUllt Up areas the tUnneI has a shallow cover not exceeding 
35 m H5 ft). The cross-section, accommodating two tracks, is elliptical and consists of a 

brick lining about 80 cm (31 ) thick; in some sections there is also an invert 60 cm (24”) 
thick According to the construction records a great many problems were encountered during 
construction. First, a considerable amount of water had to be coped with and saturated clay 
kept squeezing in at the roof. This was attributed to water finding its way from the upper 
layers of sand down along the initial shafts into the clay at the bottom. The amount of water 
varied m proportion to the amount of precipitation on the surface. The tunnel itself is located 
in hard marl which was very difficult to excavate but, exposed to air, weathered very rapidly 
The toughness of this material is also borne out by the fact that the walls do not extend 
to the same constant depth: in very hard material they were sloped higher up than in soft 
and weathered material where they were carried all the way down, and even supplemented 
witn 3ii invert. 

Problems started to arise in 1927 when clay intruding from under the walls started to 
heave the subdra.n, caused extensive silting and created soft pockets in the ballast which had 
to be removed ever more frequently. In 1932 the first wall movement of 1/10 mm (1/32”) was 
observed; this movement came to a halt fairly soon. A number of cracks appeared in 1947 
and reopened soon after having been repaired. The cracks were particularly pronounced 

7. 8 systematlc ins Pection and recording it soon became obvious that 

while both tracks were rising, the walls were sinking and started leaning towards the inside 
The deformations have continued to increase at an ever accelerating rate. Geological studies 
have traced the centre of the movements to a fault. The saturation and remoulding of the 
material under the walls was aggravated by continuous vibrations caused by traffic. At the 
time reconstruction was started the leaning towards the inside has reached 15-18 cm 
(6-7 m) with 13 cm (5 in) measured level with the rails. An investigation of the soil 
conditions has revealed a shear strength of 0-54-0-86 kg/cm 2 (7-5-12 lb/in 2 ) below the walk 

?" a V 2 ^ k ‘/TY‘' 7 - 30 ,b " n,) • l * i*on 

has indicated that the latter was just enough to overcome the shear strength of the soil behind 

the wall. Although the angle of repose has varied widely («/> = 10°-50°) this had but little 
effect on the vertical and horizontal rock-pressures; p = 3 9-4 2 kg/cm 2 (55-60 lb/in')]. After 
deducing the shear strength the resultant vertical pressure was about 3-5 kg/cm 2 (50 lb/in 2 ). 
In the design of the new lining the lateral pressure was assumed at 50% of this value. 

• 77 7°‘ nt was ‘reacted in 1949 where reconstruction could not be postponed any longer and 
indeed this was begun with a section 140 m (460 ft) long, adjoining the west portal where the 
movements and cracks had been observed (Fig. 7/24). An invert, consisting of structural steel 
encased in concrete, was installed first. Because of rapidly increasing deformations there was 
no time left for doing this work and maintaining traffic at the same time and so for this 
period the section had to be closed and passengers transferred. The old lining had then to be 
removed and replaced by cast-iron segments and the space behind it was thoroughly grouted. 

In addition to adequate strength and instant load-bearing capacity this arrangement also 

715 Campion, F. E.: Part Reconstruction of Bo-Peep Tunnel at St. Leonards on Sea, Journ 
Inst, of Civ. Eng. 1951 
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Fig. 7/23. Tunnel reinforcement by cast-iron segments and by an invert consisting of a steel 
frame encased in concrete (Bo-Peep tunnel) 


£ 

§ 


Completion schedule of insert 

Ur 


Sections 

"nT 


'iwMMSk 

57 610J92&16 IS, 20 


, .telalive wallmove¬ 
rmen ts towards the centre 



Fig. 7/24. Diminishing wall movements as a function of the progress of invert construction 


afforded additional clearance. With the invert completed, the wall movements have tapered 
off rapidly and so has the heaving of the tracks (Fig. 7/24). No temporary supports were provid¬ 
ed while construction of the invert was in progress, partly because regardless of the type 
of bracing there was hardly any chance of preventing the settlement and leaning over of the 
walls at all, and also because such bracing would have required extensive and sizeable mud¬ 
sills that would have seriously interfered with the construction of the invert. Speed of construc¬ 
tion was the most important factor as could be concluded from the study of the available 
measurements and records. 


55* 
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73.333. The Kandevan highway tunnel. This tunnel which is situated between Teheran 
and the Caspian Sea, 1884 m (6200 ft) long, 5-0 m (16'-6") wide and about 2300 m (7500 
ft) above sea level, was built in the 1930s. The pass itself is about 2700 m (8800 ft) above 
sea level and the bare mountain, with no vegetation to speak of, is made up mainly of warped 
layers of marl interwoven with limestone and silty gravel conglomerates. Due to heavy 
autumn and winter precipitation great amounts of water penetrated the tunnel through 
the extensive cracks in the marl. Since the tunnel had only an inadequate drainage system 
and no waterproofing at all, the joints in the lining were leached out, leaving voids behind 
and resulting in additional overburden pressures and heavy frost damage to the limestone 
lining. Frost has also caused spalling and, thus, has represented a constant traffic hazard. 
Even though it slopes towards both ends from the centre the profile of the tunnel is not very 
good (Fig. 7/25); the grade towards the north portal is only 0'2 %, providing inadequate 
draw off through the central drain and causing steady silting, at the same time. 


Schematic profile of the 
+2 7 oo m Kandevan Tunnel 



Fig. 7/25. Repairs to the Kandevan Tunnel 


The repairs were concentrated on improving the drainage system and filling the voids 
behind the lining. This was achieved through a drainage drift 750 m (2450 ft) long, 2‘0 m 
(5-6'") deep and 2-20 m (7-3") wide, with a grade of 0-8 %, 12-5 m (41 ft) off the tunnel centre 
line and on the side intercepting the streaming water. Starting 4 ft below the bottom of 
the tunnel the gallery ended 5'50 m (18 ft) below the surface. French drains above the extrados 
filled with stone and gravel were provided in locations beset by large amounts of water and 
were extended to intercept, as far as possible, the water before it reached the tunnel. The 
central drain was reconstructed and relocated at the sides, the grade was increased and 
interrupted by steps every 150 m (500 ft). (At the entrance the grade was reversed because 
of the frost danger.) At each step the water was discharged into the side drift through lateral 
drains. The road itself was repaved (concrete pavement) and the cross-section changed from 
a sag to a crown. Finally, the holes behind the lining were filled with concrete (pumped and 
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piped in place) for the major ones and trass cement grout for the minor ones. “Sika” and 
“Darex” plasticizers were added to the second grouting; in the first grouting sawdust was 
added to the trass cement. Even though the frost-damaged segments have also been replaced, 
the elaborate reconstruction cannot be a final solution to the problem without perfect main¬ 
tenance and subsequent extension of the drainage system, as required from time to time. 
To construct the tunnel at such a high altitude was a fundamental error in the first place; 
it would have been much better to build a longer tunnel at a much lower altitude in more 
solid ground and causing less height losses for communication. 

72.334. The Pereces-Baross shaft tunnel. This is known as the Griinzenstein adit, and 
was built in the 1870-s (cf. Fig. 2/29). It was later expanded to accommodate haulage trains run¬ 
ning on a narrow-gauge track. During this operation the supports were replaced several times 
until the derailment of a train in 1947, at which time a number of steel supports were hit 
involving the breakdown of the section. After this the tunnel was lined with concrete blocks. 

In 1954 cracking was observed in the top of the concrete block lining. Because the cracks 
were considerably wider on the intrados than on the extrados, they must have been caused 
by movements at the spring line or by excessive bending moments due to heavy vertical loads. 
It was found later that the vertical loads were not abnormal and that the reason must have 
been the voids behind the spring line and the consequent yield of the springing. In the cracked 
sections the entire lining was removed and replaced and the holes were grouted properly. 
Because of uneven settlement of the drain gallery, caused by the numerous repairs, the drainage 
system was also in need of reconstruction. In certain sections the water was pooled rather 
than drained and so the low spots had to be transformed into sumps from where the water 
was pumped into a gravity drainage system. 


7.3. SURFACE SUBSIDENCES RESULTING FROM TUNNEL 
CONSTRUCTION 

7.31. ESTIMATION OF SURFACE SUBSIDENCES 

Surface settlement and subsidence have presented serious problems throughout 
the centuries of the history of mining. The prevention, reduction, as well as the 
prediction of the range of anticipated settlement are all the more -important as in 
most cases the mines are located under populated and built up areas. As regards 
tunnel construction, however, the problem is relatively new and is tied up with 
the construction of subways, pedestrian and highway underpasses and utility 
tunnels. In earlier days it made hardly any difference as to what happened to the 
surface where railway, highway or navigational tunnels were passing under 
unpopulated areas. 

Tunnel construction causes discontinuity in the ground masses resulting in 
settlements, loosening, and in a stress increase wit hi n a certain area. Both factors 
are bound to cause deformations, which, depending on the strength of the soil, 
on the depth of cover, and on the rate of disturbance caused by the operation, 
may extend to the surface and affect it to a larger or lesser extent. There is no 
doubt that, for a given set of soil conditions and depth, surface settlements and 
the extent of loosening will depend largely on the quality of workmanship, on the 
care exercised in construction, on the stability, strength and nrompt installation 
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of temporary and final supports and on keeping the number of turnouts to a 
minimum. It follows, then, that future settlements cannot be predicted but, at best, 
estimated only, and that such computations can only serve to underline the role 
and importance of the contributing factors more than anything else. An estimate 
of the subsidences should be based on actual observations, and on this basis the 
computation may follow either theoretical or empirical lines. 


73.11. Estimating Surface Subsidence on a Theoretical Basis 

All theories dealing with surface subsidence start out from the size of the surface 
depression i.e. of the discontinuity, left in the wake of excavation. 

73.111. Empirical formulae. A number of empirical mining formulae have 
been developed over the last 100 years, relating the amount of surface subsidence 
to the size of the excavation and to the depth of cover. 

One of these was devised by Briggs: 

2-2 

s = m - ; - 

2 - 2 + JL 

V 100 

where m = the depth of the drift 
H = the depth of cover. 


There is another empirical formula by Goldreich: 

s = m — kH, 


(7.5) 


where k = the coefficient of expansion of the volume of the ground and is cal¬ 
culated from 

V.- K 


K = 


V 


where V e = the volume of earth excavated underground 

V s = the volume of the ground within the cone~of subsidence 
V = the volume of the total displacement zone. 

As a minimum the value of k may be taken as k = O01; from this minimum it 
will increase as the depth of the heading increases; for m = 4-0 m (13 ft) it is 
about k = 0-03. 

Goldreich has also investigated the dynamics of the movements. 

Owing to the excavation of the drift shown in Fig. 7/26 blocks A, B l and B 2 
will be set in motion, the effect of which will extend to the surface {abed). The 
underground excavation will give rise to movements on the surface, both hori¬ 
zontal and vertical as illustrated. While, according to Goldreich, the maximum 
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Fig. 7/26. Movements due to 

underground excavation 
(Goldreich) 
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Fig. 7/27. Various phases of 

building subsidence in 
relation to the progress 
of excavation 
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will occur at b and c, the minimum will be found at a and d. Once block A has 
moved downwards, wedges B l and B> will follow; this is why there will be hori¬ 
zontal movements as well as vertical ones in areas ab and cd> and this is how 
th§ depressed area will develop on the surface. There will be a lapse in time between 
the underground excavation and the subsidence on the surface; the faster the exca¬ 
vation underneath, the faster the buildings on the surface will have to go through 
the various stages of settlement and accompanying stressing (Fig. 7/27). In areas 
with extensive mines underneath there is more than one slip surface along the 
boundary of the subsidence zone and these are marked by gaping cracks, some¬ 
times several dm (1 ft) wide (Fig. 7/28). 

Based on investigations and observations made by the Mining Research Insti¬ 
tute of the Soviet Union, S. G. Aversin 716 has studied the shape and extent of the 

las Aversin, S. G .; Gornie raboti pod sooruzheniani i vodoemami (Mining works under sur¬ 
face and groundwater), Ugletehizdat, Moscow 1954 
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7/28 Wall of a 
building 
in Karvin, 
cracked through 
and ttited due 
to undermining 




Theoretical 
treatment of 
surface 

settlements by 
Aversin 


depression area on the surface. (Fig. 7/29): His equation for the depression line is 

i,(*) = «fo | l~|]( T ) 

It has been observed that L = 2-13 / and with this the equation is 


(7.6) 


*l(x) = 1 o 1 - 


2-13/ 


4-53 2-13 — 


(7.7) 


where / = the distance between the point of counterflexure and the maximum 
depression. 
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The approximate value of the maximum depression in the centre, tj , is calculated 
from 


m-ri 0 


i.e. 

ri a — m — kH, 

The maximum depression, tj 0 can also be obtained approximately from the 
area (V) between the depression line and the original surface as follows: 

2V 


In his quoted work Aversin also presents some more accurate and complex for¬ 
mulae, taking into consideration the effect of time and the progress of consolida¬ 
tion. Because all the above formulae consider homogeneous soil, which is hardly 
ever encountered, the computations are of rather academic value. 

In the Hungarian Mining Research Institute, F. Martos has also inves¬ 
tigated the problem of surface subsidence.' 16a From a statistical evaluation of 
actual observations he arrived at 


(*) = 0 ~ s t)exp - 



where rj(x) = 
H = 

K = 

<5, = 
l = 


the vertical component of surface subsidence 
the depth of cover 

a constant for a given set of local conditions 

the efficiency of backfilling 

the distance of the point of counterflexure 


/ = ± //cotan # 




where & = the angle measured from the horizontal to the line connecting the 
edge of the underground excavation with the boundary of the surface 
subsidence 

v„ = the mean error of levelling. 


7.16a 


Cf. Martos, F.: Bdnyaszati Kut. Int. Kozl. 1960 1—2 
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The maximum settlement is 


>7o = 


Km 

k + H 


0 


and the horizontal component of the movement is 


*(*) = 


. xr l ( x ) 
H 


With reference to the studies and settlement records made in connection with 
the construction of the Leningrad Subway, Limanov 7 17 has developed a method 
to calculate surface settlements in the case of shield-driven tunnels in Cambrian 
clay. Going back to the Maxwell theorem Limanov considers surface settlements 
as deformations in a semi-infinite elastic space caused by pressures exerted by the 
tunnel lining on the surrounding ground - except for the sign which has to be 
reversed. For, if the pressure from the surrounding ground causes stresses and 
deformations in the tunnel lining then surely the problem can be reversed and 
considered from the other end as well. Assuming a set of reversed stresses to be 
caused in the lining by a hypothetical pressure inside the tunnel, the lining would 
also be bound to exert opposite pressures on the surrounding ground which in 
turn would result in deformations on the surface that would be equal to the 
settlements but would be opposite in direction. 

Two approximations are made in this theory: the surrounding ground is assumed 
to be perfectly elastic and the fictitious inner pressure, i.e. the cause of the ring 
deformations, is assumed to be uniformly distributed and radial in direction. 



717 Limanov, I. A.: Osadki zadnoi poverhnosti pri sooruzhenii tonnelei v kembriskih glinah 
(Surface settlements in Cambrian Clay due to tunnel construction). Inst. Inzh. Zhelezn. 
Transport. Leningrad 1957 
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Depending on the degree to which these as¬ 
sumptions are correct, the results will have to 
be treated as only an estimate of the range of 
settlements. 

Consider the circular underground opening at 
a depth h 0 and subject to a uniformly distribut¬ 
ed pressure p as illustrated ih Fig. 7/30, with the 
surface deformations plotted upside down. While 
the settlements can be described by their vertical 
components, they will have horizontal compo¬ 
nents as well. 

The movement of the point inside the semi-infinite 
body caused by underground excavation, is divided by 
Jeffery 7,18 into two parts, the one due to the inside 
pressure p (W 7 ,) and that due to the external loads on 
the surface (fV 3 ). The problem is investigated in a bipo¬ 
lar coordinate system, 7 - 19 and in this case the radius 
of the circle round one of the poles is zero (Fig. 7/31). 
The resulting deformation vector \V is the vectorial 
sum of the above two movements: W = W„ + W 3 . 
Let U and V denote the components of W parallel to 
axes x and y, respectively, then: 





Fig. 7/31. Determination of 
movements due to 
pressure inside the 
tunnel in a bipolar 
coordinate system 


u =- a+ p) jl ,« fr 2 (i - p) a _ (1 _ 2 fj) _ r 2( i - p) a+ 

L IL a ) r i L a 

i r z a r, r - J) 


= -(l + /«)|rro J [ 2(1 —,)—(! —2,)^]-A^L+ 2(1- 


+ <■ - »t] +t [«. - .>^ - , 

where, in addition to the notations used in Fig. 7/31 


the radius vectors are 


a =\/hl 


r i =y/(x - a)- + y 2 ; r 2 = s /(x + a) 2 + y\ 


the polar angles are # lt # 2 , calculated from tan = 


- and from tan — 


718 Coker, F. and Failon, L.: Feszultsegmeresek sztatikai alapon (Calculation of stresses 
on the basis of statics), ONTI 1936 

719 Jeffery, G. B.: Plane Stress and Plain Strain in Bipolar Coordinates, Transactions of 
the Royal Society London. Series A 1920 221 265—293 
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Limanov, using the above equations for homogeneous material, arrives at a maximum 
vertical movement in the line of the vertical diameter of 

This, however, can also be calculated from the loosened area ( F ) that has not been back¬ 
filled around the tunnel 

F 


F= (1 - 


o *0 / 


' ,, P 4r 0 2 h„ n 

—;i = (1 - P-) ~=r --- 

y- E a 


However, the opening of the underground hole diminishes the initial strength of the soil 
and will increase its compressibility at the same time. As a result a multiplying factor has to 
be introduced in the the calculation of F; this factor is 

K - _ 2(1 * 2_ (7.11) 

« + 2 (1 - ft) (4 - a) " 


'|\ Recent deposits 

4 \\ 

\ i \ 2a 

I 

j \—^nmnmn 


L-2a+h r txi(45°- 


// 

// 

Aslm 


Knowing the amount of maximum 
surface settlement the shape of the 
subsidence area can be determined on 
the basis of the probability curve of 
Aversin. Thus, if half of the diameter 
of the cone is 2a, then the settlement 
at a distance x from the centre is 


v=u« 


(-£T 


• (7.12) 


* --From observations made in 

the construction of the Leningrad 
multitube subway stations Lima- 
Fig. 7/32. Computation of N0V developed a number of em- 

settlements in stratified soils (two layers) formu]ae re i ating to the 

settlements resulting from the 
driving of adjacent tunnels and also considering the lapse ot time between the 
two operations. The anticipated settlement in the two-layered soil in Leningrad 
was also investigated, as shown in Fig. 7/32. 

The maximum ordinate of the depression curve of 2 L diameter can be calcu¬ 
lated by equating the areas above the depression curves of the two layers 


where F = (7 max an, 
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and 


also 


L = 2a + h x tan 


45° - 


4 > 

2 )’ 


(7-13> 


^max = (1 - = U A + U B . 


E hl-r, 


73.112. Estimation according to the theory of probability. An interesting method 
by Litviniszyn - is based on the theory of mathematical probability. Studies of mining- 
areas have led him to consider the ground above 
the hole to be of a fractured and granular rather 
than of a continuous nature. Assuming that the 
fractured elements are all of the same size, the 
empty space created by the removal of block 1 (Fig. 

7/33) could be filled by either of the two blocks di¬ 
rectly above it. The probability of the left block 
or the right block sliding down is 1/2. These blocks, 
however, would have to be replaced once again by 
one of the blocks above them, the probability of the 
three blocks sliding down being 1/4, 2/4, and 1/4 
respectively. Proceeding in this manner each block in 
each layer can be assigned a ‘chance facter’, result¬ 
ing in the probability curve (K) according to Gauss 
(Fig. 7/33). From the above considerations Litvi¬ 
niszyn derives a mathematical operator by which 
any depression surface can be computed from the 

one above it. The expression is a function of time (£), horizontal distance (*) and maximum 
depression in the centre (w u ) 



Fro. 7/33. Probability of settlement 
for elementary blocks 
above an opening 


= J e-”ds, 

- i xf 1 /* 


which is in good agreement with actual measurements. For further details the reader is referred 
to the references. 


73.12. Estimating Subsidence from Actual Observations 

The development of surface subsidence as a function of the various construction 
stages has been recorded carefully in connection with the construction of the 
Chicago Subway. 7 - 21 Passing through plastic clay the tunnel has a horseshoe 

Litvini szyn, J.: Displacements in Loess Bodies as Stochastic Processes, Bull, de I'Acade- 
mie Polonaise des Sciences 1955 III 4 

Litviniszyn, J. and Neubero, K. : Gebirgsbewegungen liber einem Abbau als stochastischer 
Prozess aufgefasst, Freiberger Forschungshefte 1956 H. C. 22 

-*" 1 ? RZAGHI ’ K ' : Liner Plate TunneIs on the Chicago Subway, Proc. Am. Inst. Civ. Eng 

I'M? Ian a 


878 


SERVICE, OPERATION AND MAINTENANCE 


cross-section 6-0 m (20 ft) wide, 7-50 m (25 ft) deep and has an average cover 
of 8-9 m (27-30 ft). The tunnel was built with steel liner-plates (cf. Section 62.43 
and Fig. 6/65). The sequence of excavation, illustrated in Figs 7/34a-b, shows 
a road above the tunnel in plan with the measured subsidences plotted at a number 
of stations. The profile of the tunnel is shown above the plan (c), also indicating 
the progress of construction. The settlement and construction progress lines, 
relating to the same date and numbered for easier identification, clearly indicate 
that the development of surface subsidence followed the progress of construction 


Settlement stations 
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Fig. 7/34. Some surface settlements at the Chicago Subway 


in a regular manner. Along the centre line subsidences reached a maximum of 
15 cm (6 in), i.e. about 20% of the tunnel width ( b ) to cover (H) ratio 

|s = 0'2 —|, which is considerable. The locations with the fastest developing sub¬ 
sidences were the same as those with the highest rate of excavation; the sections 
behind and ahead indicate rapidly diminishing subsidence rates. (Note the differ¬ 
ences between lines 1 and 6.) Sudden increases in the settlements have been 
observed whenever the underpinnings supporting the starter crown plates on the 
steel ribs were removed and replaced to allow the excavation to be deepened. 
To avoid this, the method was later improved: wall plate drifts (2) and (3) were 
driven on each side (Fig. 7/34a) at the spring line, kept 2-0-5-0 m (6-16 ft) 
ahead of the general excavation in which longitudinal steel beams were placed 
to hold the steel ribs supporting the crown section. After excavating area No. 4 
struts were placed between the two beams to enable the rib stiffeners to stand up 
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under the lateral pressures while working on the side drifts. With these improve¬ 
ments the surface settlements could be reduced by a half. On the same project 
the surface settlements doubled, however, in about 12-15 days after the pneumatic 
pressures were cut off. 

Once again the depression diagrams closely follow the Gauss probability curve, 
which would indicate that the shape of the depression area is the same for shallow 
as well as for deep covers. No subsidences were observed on either side beyond 
a distance equal to 1-5 times the depth of the invert, i.e. the width of the depression 
zone amounted to 

3 (H + m) + b 

where H — the cover 

m = depth of tunnel section 
b — width of tunnel section. 


7.32. MEASURING THE SUBSIDENCE OF BUILDINGS 
DUE TO SUBWAY CONSTRUCTION 

In metropolitan areas subsidences due to subway construction may adversely 
affect the stability and safety of buildings. The primary object of regular observa¬ 
tions is not so much to discover the absolute magnitude of subsidences as the 
effect of various construction phases on the subsidence of buildings, the develop¬ 
ment of such subsidences as a function of time, the type of consolidation, the 
reasonably accurate -prediction of final subsidences by extrapolation, and the 
discovery of danger signals sp that the necessary measures may be taken in time 
to prevent disaster. All this requires regular checking by levelling on all buildings 
within a distance equal to twice the depth of the tunnel on either side. The zone 
under observation in Budapest is 160-200 m (530-660 ft) wide. 

A number of benchmarks have to be established near the subsidence zone to 
facilitate the levelling of well defined points on the buildings to be observed. Such 
benchmarks should be checked regularly by precise levelling tied in to other 
benchmarks well outside the subsidence zone. The instrument used in the precise 
levelling should read to the nearest 0-1 mm and the mean levelling error (per km) 
shall not exceed 

AOm = ± 1 '2 yjL , 

where L = the distance covered by levelling, in km. 

Reference points on the buildings can be checked from the nearest benchmark 
with a level capable of reading to the nearest mm. Such reference points should 
be spread out evenly on the buildings subject to subsidence and marked with an 
iron plug or spike and the observations should commence before construction 
starts, i.e. in the undisturbed state. In this way subsidences can be related to static 
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conditions. The movements should be recorded and processed in two ways. 
A plan must be prepared for each building showing a sketch of the layout of the 
building and the reference points together with their identification numbers. 
On the reverse side of this plan the movements of the reference points are plotted 
diagrapimatically; each point should have its number clearly indicated together 
with the range of levelling and with the amount of movement. Elevations should 
always refer to sea level (geodetic). 

A general picture of the subsidences can best be obtained by preparing a so 
called isoanabase map, similar to a map with contour lines. The map, covering 

the entire area under observation 
and to a scale of 1 : 500(1"= 40 
ft), has to indicate the buildings 
with the reference points and 
with the centre line of the 
subway. 

The subsidence of each refer¬ 
ence point, computed from the 
previous reading, is marked next 
to the appropriate point. On the 
basis of the maximum and mini¬ 
mum subsidence a suitable inter¬ 
val can be selected for the ‘con¬ 
tour’ lines, after which these 
lines can be plotted by connecting 
all points indicating the same 
amount of subsidence. The lines will be valid only around the buildings, how¬ 
ever, as the areas not built on may settle in a different manner (Fig. 7/35). 
This map, indicating the movements relating to a certain period of time, is use¬ 
ful for two reasons: it will give an indication of the movements of the buildings 
not included in the observations and it will indicate the location of maximum 
subsidence. If there is no reference point in this location, one should be estab¬ 
lished immediately and should be observed from then on. A number of con¬ 
clusions can be drawn by comparing two maps of successive periods and plotting 
special graphs for the points indicating the maximum movements: it can be 
established which are the points that have slowed down or even stopped and 
which are those with increasing subsidences, calling for a closer spacing of refer¬ 
ence points for future observations or, if necessary, calling for appropriate con¬ 
struction and safety measures. 

Regarding the frequency of measurements there is a distinction between areas 
under construction and those that have been completed. From past experience 
those in the first category should be checked every 1 or 2 days, the other need to 
be checked only every 2 to 3 months. 

Benchmarks located within the subsidence zone must be checked at least every 
6 months. 



Fig. 7/35. Isoanabase lines showing settlement 
conditions 




Fig. 7/36. Isoanabase surface 
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Fig. 7/36 illustrates an isoanabase map of one of the construction sites of the 
Budapest Subway. Note that the subsidences centre around the excavated under¬ 
ground areas. It is also worth noting that the subsidences were considerably 
larger over the shield chambers constructed by classical methods and requiring 
larger areas to be excavated than those over shield-driven line sections. 

This is even more striking in the case of one of the deep-lying stations of the 
Leningrad Metro (Subway), of which the isoanabase lines are illustrated in Fig. 
7/37. The soils consisted of Cambrian clay underlying recent alluvial layers. 
Figs 7/37a-b illustrate the conditions after the completion of the shield chambers 




Fig. 7/37. Development of surface settlements 
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Fig. 7/38. Development of surface settlements during construction of twin shield chambers 


and of the entire station, respectively. It can be noted that a trough shaped depres¬ 
sion surface, about 13 cm (5 in) deep and uniform in the longitudinal direction, 
has developed as a result of driving the tube type stations 3x8-5 m (10x28 ft) 
in diameter and about 200 m (650 ft) long, and this subsidence was in addition 
to the cone-shaped subsidences up to 15 cm (6 in) deep, which were the result 
of the mining operations required for the construction of the shield chambers. 

Surface subsidences and their rate of development as a function of time and 
construction phases are illustrated in Fig. 7/38 for the construction of twin-shield 
chambers, connecting corridor and ventilation adit. It can be noted readily that 
the maximum settlements have developed following the excavation and lining of 
the top section of the wide (/ > 12 m [40 ft]) shield chambers. 
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